



































Figure 8. Immunoprecipita-
tion of RNA polymerase II
from yeast containing only
RPB7 (WY-74) or only hsRPB7
(WY-75), using antibodies spe-
cific for the C-terminal do-
main of the largest subunit of
pol IL

hsRPB7 and RPB7 are able to enhance formation of
pseudohyphae in yeast, implying an unexpected con-
nection between a core element of the yeast transcrip-
tion apparatus and a change in cell growth control.
The fact that the expression pattern of hsRPB7 in hu-
mans is variable between different tissues suggests
this subunit may play a regulatory role, but this re-
mains to be established.

Human homologues have been reported previously
for a number of the twelve subunits of the S. cerevisiae
RNA polymerase II (Cho et al., 1985; Pati and Weiss-
man, 1989; Pati and Weissman, 1990; Acker et al., 1992;
Wintzerith et al., 1992; Acker et al., 1993; McKune and
Woychik, 1994; Pati, 1994). In general, the degree of
evolutionary sequence conservation is quite high for
all the subunits so far cloned. Of subunits tested to
date, the human homologue has been able to at least
partially complement the yeast equivalent in six cases
(including hsRPB7) and not been able to in one other
(McKune et al., 1993; Woychik, unpublished data).

Results from the two-hybrid, co-precipitation, and
Western blot experiments described here suggest that
a mechanism for the conditional complementation
phenotype of hsRPB7 is the inability of RPB4 to com-
plex appropriately with the 24-kDa form of hsRPB7.
We derive this conclusion from the following data: 1)
two-hybrid data indicate hsRPB7 and RPB4 appear to
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interact less stably than RPB7 and RPB4. 2) pol II
immunoprecipitated from yeast growing under the
control of hsRPB7 contains levels of RPB4 and the
18-kDa form of hsRPB7 similar to the levels of RPB4

A hsRPB7

Figure 9. Northern blot analysis of hsRPB7 and hsRPB1 RNAs. The
multi-tissue RNA blot was probed with labeled oligonucleotide
probes specific to (A) hsRPB7 and (B) hsRPB1 as described in
MATERIALS AND METHODS.
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and RPB7 found in wild-type yeast, with hsRPB7 and
RPB7 showing equivalent mobilities on resolving gels.
In contrast, when hsRPB?7 is synthesized in yeast, only
a higher migrating (24 kDa) form is recognized by the
hsRPB7. This 24-kDa form is probably the result of
post-translational modification and appears to be the
predominant form of hsRPB7 in yeast. We have ex-
cluded the possibility that our antibody preferentially
recognizes this higher migrating form by control ex-
periments in which antibody to LexA indicates LexA-
hsRPB7 predominantly migrates at a higher molecular
mass than LexA-RPB7. Thus, under normal growth
conditions in which RPB4 function is not necessary,
hsRPB?7 can fulfill the essential function of RPB7, and
the small quantity of unmodified hsRPB7 present
(which is apparently not abundant enough to be de-
tectable by Western analysis) can assemble into pol II.
Under stressful growth conditions, RPB4 is unable to
execute its protective function in concert with hsRPB?,
either because the two proteins do not associate in a
manner leading to a functional complex, or because
the unmodified 18-kDa species with which RPB4 can
complex is limiting. It should be noted that although
the proportion of pol II complexes containing RPB4
and RPB7 changes substantially during stationary
phase and stress response, the overall levels of RPB4
RNA and protein remain constant (Choder, 1993), in-
dicating the RPB4 and RPB7 subunits are normally in
substantial excess over the minimum concentration

required to associate with pol II. Thus, although un-
modified 18-kDa hsRPB7 may represent a small pro-
portion of the total hsRPB7 expressed in yeast, it is
sufficient to bind to pol II during growth under nor-
mal conditions. An additional implication of this
model would be that changes in the expression of
other transcription complex-associated factors might
control the enhanced recruitment of RPB4/RPB? to pol II
under conditions of stress. Whatever the nature of the
modification leading to the higher form, it appears not
to be an artifact specific to heterologous expression of
hsRPB7 in yeast, as human cells express abundant
quantities of an equivalently migrating species.

Is RPB7 actually a mediator of pseudohyphal differ-
entiation, or does overexpression of this gene affect a
distinct mechanism controlling cell morphology? To
date, a number of groups have characterized genes
whose mutation leads to enhancement (Ljungdahl et
al., 1992; Blacketer et al., 1993, 1994) or loss (Liu et al.,
1993) of pseudohyphal expression, or whose overex-
pression leads to constitutive pseudohyphal expres-
sion (Gimeno and Fink, 1994). Genes isolated by these
means fall into a number of classes, including a facil-
itator of amino acid permease transport (Ljungdahl et
al., 1992), kinases from the mating factor (Liu et al.,
1993) and other signal transduction pathways (Black-
eter et al., 1993), and a transcription factor (Gimeno
and Fink, 1994). This diversity indicates that the pro-
cess of pseudohyphal conversion is complex, and reg-
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Figure 10. Western analysis of hsRPB7 in yeast and human cells. (A) Lanes
contain whole cell lysates from yeast or human 293 cells as indicated. Each blot
was incubated with the primary antibody described: polyclonal antibody to
hsRPB? (left), preimmune sera from hsRPB7-injected rabbits (center), or poly-
clonal antibody to LexA (right). Proteins were visualized by using alkaline
phosphatase-conjugated secondary antibody as described in MATERIALS
AND METHODS. (B) Lanes contain 50 ug each of whole cell extract from cell
lines as indicated on the figure and described in MATERIALS AND METH-
ODS. Primary antibody was hsRPB7 polyclonal, and secondary was as for
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ulated at numerous levels. While misexpression of
other genes not known to be involved in regulation of
pseudohyphal transition can result in cell elongation
(Haarer and Pringle, 1987; Richardson et al., 1990),
several points seem to support a role for RPB7 as a
contributory factor to pseudohyphal growth. First, the
phenotype is specific to diploid yeast. Second, it is
specific to growth on low-nitrogen plates. Third, the
fact that the yeast RPB7 pseudohyphal effect is more
pronounced than the human eliminates the possibility
that cell elongation is due to a nonspecific derange-
ment of normal growth controls because of aberrant
transcription induced by pol II containing hsRPB7.
Overexpression of neither hsRPB7 nor RPB7 appears
to be toxic in yeast, in that yeast expressing high levels
of RPB7 or hsRPB7 in a wild-type background grow as
rapidly as control yeast under a variety of growth
conditions. At this time, the simplest interpretation of
these data is that the RPB4/RPB7 system, previously
only shown to be required for stress survival, also
contributes to cell elongation during pseudohyphal
growth, a morphological change induced by the se-
vere limitation of nitrogen in the growth medium
(Gimeno et al., 1992), and enhanced by the presence of
yeast mutations that intensify this nutritional stress
(Ljungdahl et al., 1992).

Pseudohyphal cells have a greater cell size than cells
growing normally, and are considerably elongated
(Gimeno et al., 1992); the combination of these changes
with a conversion of budding pattern to unipolar al-
lows colonies to spread over greater distance than
normally dividing cells, a protective change that in-
creases the likelihood of reaching a food source (Gim-
eno et al., 1992). A potentially interesting analogy can
be derived from the prokaryotic system of selectively
utilizing different o factors in developmental pro-
grams (reviewed in Shapiro, 1993) or in stress re-
sponse pathways (reviewed in Hengge-Aronis, 1993).
In particular, the rpoS gene of E. coli encodes o, a
protein that has been shown to be specifically required
for transcription of a series of genes required for suc-
cessful entry into stationary phase. In normal transi-
tion to stationary phase, selective association of ¢°
with RNA polymerase leads to the expression of a
large regulon of genes that cumulatively cause E. coli
to convert their shape from a rodlike form to a smaller,
more spherical form, and to become generally stress-
resistant (Hengge-Aronis, 1993). In rpoS™ mutant cells,
there are general defects in the response to cell stress
and reduced survival of stationary phase; strikingly,
because of misregulation of the bolA gene, cell mor-
phology is significantly affected, with rpoS™ cells gen-
erally larger than wild-type cells, and displaying a
series of morphologies ranging from long filaments to
short rods (Lange and Hengge-Aronis, 1991). The
presence of the RPB4/RPB7 subcomplex in pol II has
been demonstrated to alter polymerase initiation
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properties (Edwards et al., 1991); these properties may
also include promoter selectivity, as some data on
transcription patterns in rpb4~ yeast would suggest
(Choder, 1993; Choder and Young, 1993). By the rpoS
model, the development of excessive cell elongation in
the presence of excess hsRPB7 and RPB7 is compatible
with the idea that RPB7 may function as a stressor-
specific o°-like factor in lower and potentially higher
eukaryotes, affecting a range of cell functions includ-
ing control of cell morphology. The association of
RPB7 with rpoS-like functions is consistent with cur-
rent evidence that suggests that sigma-like functions
are dispersed among several proteins in eukaryotes
(Jaehning, 1991)

Finally, a striking and unexpected finding of this
study is the degree of complexity associated with
hsRPB7 expression at the RNA and protein levels.
The relative abundance of the hsRPB7 transcript
varies drastically relative to that of the mRNA en-
coding the largest RNA pol II subunit in different
tissues. Antibody to hsRPB7 detects multiple cross-
reacting proteins that are expressed at variable lev-
els in different human cell lines. Because the RNA
analysis was done with primary tissue, and the
protein analysis with cultured cell lines, it is not
possible to directly compare expression levels based
on these data. For at least some tissues, the RNA
and protein data show parallel trends, putting
hsRPB7 expression higher in kidney tissue and kid-
ney-derived 293 cells, and lower in pancreatic tissue
and pancreas-derived PANC-1 cells. Subsequent
analysis should clarify both the magnitude of vari-
ation of hsRPB7 protein expression, and the signif-
icance of this variation for biological function in
vivo. A particularly intriguing question arising from
the protein expression data is the role of the 24-kDa
form of hsRPB7. One possibility is that this species
corresponds to an inactive pool of hsRPB7 held in
reserve; alternatively, this species may possess an
entirely discrete function. In sum, our results raise
the possibility that differing forms of RNA poly-
merase II, some with and some without associated
hsRPB7, exist in different tissues, paralleling the
existence of pools of pol II with and without the
RPB4/RPB7 subcomplex noted in S. cerevisiae
(Choder and Young, 1993). If so, this might lend yet
another twist to the complex field of higher eukary-
otic transcriptional regulation.
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