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The largest subunit of RNA polymerase II contains a
unique C-terminal domain (CTD) consisting of tandem
repeats of the consensus heptapeptide sequence Tyr!-
Ser?-Pro®-Thr*-Ser®-Pro®-Ser’. Two forms of the largest
subunit can be separated by SDS-polyacrylamide gel
electrophoresis. The faster migrating form termed ITIA
contains little or no phosphate on the CTD, whereas the
slower migrating II0 form is multiply phosphorylated.
CTD kinases with different phosphoryl acceptor speci-
ficities are able to convert ITA to II0 in vitro, and differ-
ent phosphoisomers have been identified in vivo. In this
paper we report the binding specificities of a set of
monoclonal antibodies that recognize different phos-
phoepitopes on the CTD. Monoclonal antibodies like H5
recognize phosphoserine in position 2, whereas mono-
clonal antibodies like H14 recognize phosphoserine in
position 5. The relative abundance of these phospho-
epitopes changes when growing yeast enter stationary
phase or are heat-shocked. These results indicate that
phosphorylation of different CTD phosphoacceptor
sites are independently regulated in response to envi-
ronmental signals.

The largest subunit of RNA polymerase II (pol II)! contains
a repetitive C-terminal domain (CTD) consisting of tandem
repeats of the consensus sequence Tyr-Ser-Pro-Thr-Ser-Pro-
Ser (1, 2). The CTD plays an essential (3—6) but as yet poorly
understood role in mRNA synthesis with evidence indicating
potential roles in initiation or promoter clearance (7-9), elon-
gation (10-15), and pre-mRNA processing (16-20).

Phosphorylation of the CTD is a key feature of CTD function.
SDS gel electrophoresis separates the largest subunit into two
species as follows: ITA contains a hypophosphorylated CTD and
pol 110 is hyperphosphorylated on the CTD (21). Serine is the
predominant in vivo phosphoacceptor with minor amounts of
phosphothreonine and phosphotyrosine detected (22, 23). Al-
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though in vivo phosphorylation sites have not been mapped, in
vitro studies have identified serines in both positions 2 and 5
(22, 24, 25) and tyrosine in position 1 (23) as potential phos-
phoryl acceptors. Mutation of these sites to unphosphorylat-
able alanine or phenylalanine residues in each yeast CTD
repeat is lethal, suggesting a requirement for CTD phosphoryl-
ation in vivo (26).

The preferential inclusion of pol ITA into preinitiation com-
plexes (27-30) together with the observation that elongating
pol II is phosphorylated on the CTD (31) led to the hypothesis
that the CTD is reversibly phosphorylated with each transcrip-
tion cycle (8). The unphosphorylated CTD has been shown to
contact basal transcription factors TATA binding protein (32),
TFIIE, and TFIIF (33), and these contacts, together with as yet
undefined interactions with SRBs (34-37), suggest that the
CTD acts as a structural framework for the preinitiation com-
plex (38). The pol II preinitiation complex also contains several
protein kinases that are capable of phosphorylating the CTD
(39-45) suggesting that one role of this complex is to effect the
conversion of pol ITA to pol II0 thereby releasing pol IT from the
initiation complex. Finally, CTD phosphatase is required to
dephosphorylate pol I10 thus completing the CTD phosphoryl-
ation cycle (46, 47).

Several observations complicate this simple two-state CTD
phosphorylation cycle. Transcription of some promoters in vitro
and in vivo does not require the CTD (30, 48-50). In addition,
CTD phosphorylation can be inhibited without blocking acti-
vated transcription in vitro (49, 51, 52). Bentley and colleagues
(53) have shown that deleting the CTD or blocking CTD phos-
phorylation by Kin28p does not alter the synthesis of promoter
proximal transcripts. Thus, at least for some promoters, tran-
scription initiation can occur in the absence of a CTD or a CTD
phosphorylation cycle. Finally, hyperphosphorylation of the
CTD does not correlate with pol II’s transcriptional activity in
vivo (54).

Another complication in understanding the role of CTD phos-
phorylation is the multiplicity of CTD kinases and the diversity
of possible phosphate acceptors in the CTD (8). Although in
vivo CTD phosphorylation sites have not been mapped, the in
vitro targets of several serine/threonine-specific CTD kinases
have been determined. Cdc2 kinase phosphorylates both serine
2 and serine 5 (22), whereas the TFIIH-associated CTD kinase
(Cdk7/cyclin H) phosphorylates serine 5 (25). CTD kinases
induced by heat shock or arsenite also preferentially phospho-
rylate serine 5 (55). Genetic evidence indicates that the roles of
serines in positions 2 and 5 are different. First, partial substi-
tutions of serines in either position 2 or 5 have different effects
on viability (26). Second, mutations in SRB genes suppress
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position 2 substitutions but not position 5 substitutions (56).
Taken together with the differences in CTD kinase specificity,
these results suggest that pol II0 may be a collection of differ-
ent phosphoisomers.

In this paper we describe the results of experiments testing
the interaction specificity of different anti-pol II mAbs for a set
of phosphorylated CTD binding sites. These mAbs were iso-
lated in screens for antibodies directed against proteins in-
volved in a range of different cell functions (17, 57-61). We
show here that each of these antibodies is capable of recogniz-
ing wild-type heptapeptide repeats phosphorylated by Cdc2
kinase. The specificities of the different antibodies for mutant
CTDs are different, however, indicating that they recognize
different phosphoepitopes. Nutritional stress and heat shock
result in higher levels of serine 2 phosphorylation suggesting
that the serine 2 and serine 5 phosphoepitopes are functionally
different.

MATERIALS AND METHODS

Plasmids and Strains—In an earlier study we described the con-
struction and characterization of a set of CTD phosphorylation site
substitution mutations (26). These mutations focus on serines in posi-
tions 2 and 5 of the consensus heptapeptide YSPTSPS which were
shown to be phosphorylated by Cdc2 kinase (22). Each reconstructed
CTD consists of multiple wild-type or mutant heptapeptide repeats and
a 9-amino acid epitope derived from the influenza virus hemagglutinin
gene that is recognized by mAb 12CA5 (62). The mutant yeast CTD
sequences were excised and cloned into the pGEX2 vector (Pharmacia
Biotech Inc.) allowing the expression of glutathione S-transferase-CTD
fusions in Escherichia coli (Fig. 1A). We have also expressed the mam-
malian CTD as a GST fusion protein. The plasmid expressing this
protein was a gift of Dr. David Bentley (Amgen Institute, Toronto).

Purification and Phosphorylation of CTD Fusion Proteins—E. coli
(DH50) strains expressing GST-CTD fusion proteins were grown over-
night to saturation. Cultures were diluted 10-fold in fresh L broth
containing 100 pg/ml ampicillin and grown for 1 h before addition of
isopropyl-1-thio-B-D-galactopyranoside to 0.1 mm. After 4 h of induced
expression cells were collected by centrifugation and sonicated, and the
fusion protein was purified by glutathione-agarose (Pharmacia) affinity
chromatography as described (64). Purified GST fusions containing 16
copies of the wild-type heptapeptide YSPTSPS, 18 copies of YSPTEPS,
15 copies of YESPTSP, 15 copies of YSPTAPS, or 12 copies of YAPTSPS
were separated by SDS-PAGE (10%) and stained with Coomassie Blue
dye (Fig. 1B).

CTD fusion proteins were phosphorylated in vitro with baculovirus-
expressed epitope-tagged Cdc2 kinase (65) as described previously for
RNA pol IT (25) but with minor modifications. For each phosphorylation
reaction, 10 ul of Cdc2 kinase-bound 12CA5 Affi-Gel beads (~5 pg of
Cdc2 kinase) were incubated with 2.5 ug of fusion protein in 60 mm KCl,
50 mm Tris-HCI, pH 7.8, 10 mm MgCl,, 0.5 mM dithiothreitol, 1 mm ATP
for 20 min at 30 °C. For labeling, the reaction was pulsed with 20 nCi
of [y-*?P-]JATP for 5 min and then chased with 1 mm ATP for 20 min at
30 °C. Phosphorylated GST-CTD fusion protein was removed from the
beads by spinning the supernatant through a bovine serum albumin-
treated filter (UFC3 OHV 00; Millipore). The level of phosphorylation
was assessed by electrophoresis in a 5% polyacrylamide-SDS gel fol-
lowed by direct autoradiography. Phosphorylation of the mouse CTD
fusion protein with c-ABL kinase was essentially as described (23).

Anti-CTD Monoclonal Antibodies—mAb 8WG16 is an anti-CTD IgG
described by Thompson et al. (66). mAbs H5 and H14 are IgMs directed
against phosphoepitopes on the CTD (57-59). mAb MARA 3 is an
anti-pol II IgM isolated in a screen for mAbs against tyrosine-phospho-
rylated B cell proteins.? mAb CC-3 is an IgG isolated in a screen for
chicken proteins with developmentally regulated expression (60). mAb
B3 is an IgM directed against nuclear matrix components (17).

Growth Conditions for Yeast—An overnight culture of Saccharomy-
ces cerevisiae YPH499 (ATCC 76625) was used to inoculate YEPD (2%
bactopeptone, 2% glucose, 1% yeast extract) to an A, of 0.2. Aliquots
(50 ml) were withdrawn at intervals of 2 h and cells harvested by
centrifugation at 4000 X g for 5 min. The yeast cell pellet was washed
in ice-cold water and stored at —80 °C. Cells were suspended in 200 ul
of buffer A (200 mMm Tris-HCI, pH 8, 320 mM ammonium sulfate, 5 mm
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Fic. 1. GST-CTD fusion proteins. A, maps of GST-CTD fusion
protein coding sequences. The construction of vectors is described under
“Materials and Methods.” The top line shows the arrangement of the
synthetic CTD constructs. Serine residues that are mutated are indi-
cated by Xs. The subscript (n) refers to the number of heptapeptide
repeats. B, SDS-polyacrylamide gel electrophoresis of purified GST-
CTD fusion proteins. Equal amounts of purified unphosphorylated pro-
teins were separated on a 10% SDS-polyacrylamide gel and stained
with Coomassie Blue. Markers are indicated to the left. Proteins are
designated by the nature of the mutation and the number of repeats. C,
SDS-polyacrylamide gel electrophoresis of [y-*2P]JATP-labeled GST-
CTD fusion proteins. Equal amounts (1 ug) of phosphorylated proteins
were separated on a 10% SDS-polyacrylamide gel and autoradio-
graphed. Markers are indicated to the left. Proteins are designated by
the nature of the mutation and the number of repeats.

MgCl,, 10 mm EGTA, pH 8, 20 mm EDTA, pH 8, 1 mM dithiothreitol,
20% glycerol, 1 mM phenylmethylsulfonyl fluoride, 2 mM pepstatin, 0.6
mM leupeptin, 2 mM benzamidine HCI). Acid-washed glass beads (425—
600 wm; Sigma) were added to the meniscus and vortexed 10 times for
10 s with 30-s intervals on ice. The lysate was cleared by centrifugation
at 10,000 X g for 10 min, and supernatant was used for SDS-PAGE
analysis. The high ionic strength of the grinding buffer allows extrac-
tion of almost all of the pol IT in the cell. We see no difference when cells
are extracted in denaturing buffer (not shown).

Heat Shock—Yeast cells (YPH499) were grown at 30 °C for 7 h after
inoculation (starting Agy, = 0.2). The culture was diluted 1:1 with fresh
medium pre-warmed to 55 °C and then maintained at 39 °C for the
indicated times. Control cells were diluted 1:1 using fresh medium at
room temperature and then incubated at 30 °C for the indicated times.
The heat shock response was terminated by further diluting the culture
(1:1) with ice-cold water. The cells were harvested and the extract
prepared as described above.

Immunoblotting—Phosphorylated and unphosphorylated CTD fu-
sion proteins (250 ng) were subjected to SDS-PAGE (10%) followed by
electrophoretic transfer to nitrocellulose paper (Protran, Schleicher &
Schuell). The blots were probed with mAb tissue culture supernatants
at a dilution of 1:10 (12CA5, 8WG16, H5, and H14) or ascites fluid at a
dilution of 1:1000 (CC3 and B3). Immunoreactive proteins were de-
tected using either anti-mouse IgG (Amersham Corp.) or anti-mouse
IgM (Kirkegaard & Perry Laboratories) at a dilution of 1:4000. Super-
signal substrate (Pierce) was used to illuminate the reactive bands. To
ensure that all proteins transferred efficiently, blots probed with anti-
phospho-CTD antibodies were stripped and reprobed with mAb 12CA5
which recognizes an epitope present in each fusion protein. In each case
all lanes contained 12CA5 immunoreactive bands.

RESULTS

Expression and Phosphorylation of CTD Fusion Proteins—
Fig. 1 shows the purified GST-CTD fusion proteins used in this
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Fic. 2. Immunodetection of GST-CTD fusion proteins. Each
panel is a Western blot on a set of phosphorylated and unphosphoryl-
ated GST-CTD fusion proteins. Equal amounts (1 ug) of phosphorylated
and unphosphorylated protein were loaded in each lane. The mono-
clonal antibody probe is indicated to the left.

study. From examination of the relative mobility of these pro-
teins (Fig. 1B), it is obvious that the sequence of the unphos-
phorylated heptapeptide repeat confers aberrant mobility. In
particular, glutamate substitution at position 5 seems to in-
crease mobility, whereas glutamate at position 2 results in a
marked retardation. The physical basis of this difference is
likely due to differences in the ability of SDS to bind to these
mutant proteins (22). Phosphorylation of these fusion proteins
with Cdc2 kinase results in similar levels of phosphorylation of
all proteins with the exception of the E5 mutant (Fig. 1C).
The top panel of Fig. 2 shows that phosphorylation causes
additional shifts in electrophoretic mobility of these proteins in
SDS-PAGE. mAb 12CA5 was used to detect the fusion proteins
(see “Materials and Methods”). The lower intensity of some
phosphorylated species indicates that phosphorylation may al-
ter the binding of mAb 12CA5. For the wild-type and alanine-
substituted proteins phosphorylation causes a marked retarda-
tion in mobility, much as seen with pol II0 in wvivo.
Phosphorylation of the CTD with glutamate in position 2
causes an increase in mobility. This result suggests that little
if any SDS is bound to the unphosphorylated mutant CTD, and
phosphorylation thus causes an increase in the charge to mass
ratio of the fusion protein in SDS. Phosphorylation of the E5
mutant causes no change in mobility, a result which may be
due to the fact that E5 is a poor substrate for Cdc2 phospho-
rylation as seen in experiments using [y->?P]JATP (Fig. 1C).
From the >10-fold molar excess of kinase to substrate used in
the phosphorylation reaction and the resulting mobility shift

on substrates other than E5, we conclude that the CTD is
maximally phosphorylated on serines 2 and 5, the known Cdc2
kinase target sites (22).

Recognition of GST-CTD Substrates by Monoclonal Antibody
8WG16—The mAb 8WG16 was raised against wheat germ
RNA polymerase II and found to recognize epitopes conserved
among the CTDs of pol IIs derived from a variety of different
eucaryotes (66). The 2nd panel in Fig. 2 shows that mAb
8WG16 recognizes primarily unphosphorylated CTD. Unphos-
phorylated WT, A5, and E5 interact more strongly than un-
phosphorylated E2, A2, and phosphorylated A5 and E5. The
failure to bind unphosphorylated E2 and weak interaction with
unphosphorylated A2 suggests that serine 2 (S2) is an impor-
tant feature of the 8WG16 epitope. Weak binding to phospho-
rylated A5 and E5 could mean that position 5 partially overlaps
the 8WG16 recognition site. Alternatively, mutation of S5 could
interfere with phosphorylation of S2 yielding more unphospho-
rylated S2 sites and thus partial reactivity with 8SWG16.

Recognition of Phosphorylated GST-CTD Substrates by Anti-
CTD Monoclonal Antibodies—The remainder of the mAbs
tested bind only to phosphorylated CTD (Fig. 2). With the
exception of B3, the strongest binding is to the phosphorylated
WT sequence. From previous studies we know that Cdc2 kinase
phosphorylates the consensus heptapeptide repeat on both S2
and S5 (22). Binding to phosphorylated mutant CTD targets
reveals interesting differences in the specificities of the
different mAbs.

mAb H14 recognizes both phosphorylated A2 and E2 but not
A5 or E5. This result indicates that H14 recognizes phospho-
rylated S5. In contrast, mAb H5 recognizes phosphorylated A5
suggesting that phosphoserine in position 2 is a critical feature
recognized by mAb H5. Consistent with this interpretation
mAb H5 does not recognize phosphorylated A2. Weak interac-
tion between H5 and phosphorylated E2 indicates that substi-
tution of the charged side chain at this position mimics the
effect of phosphorylation. Note also that the mobility of unphos-
phorylated E2 is greatly retarded. Glutamate substitution at
position 2 is insufficient for H5 recognition, however, indicating
that position 5 phosphorylation may induce a conformational
change that enables a weak interaction at position 2.

CC3 shows a weak recognition of phosphorylated A5 in ad-
dition to recognizing the phosphorylated WT. Thus, like mAb
H5, phosphoserine in position 2 appears to be part of the CC3
epitope. None of the other phosphorylated CTDs are recognized
by CC3, although in the case of E5 this may be due to the low
level of phosphorylation.

MARA 3 recognizes phosphorylated A2, A5, and E2. This could
mean that both phosphoserines S2 and S5 are recognized or,
alternatively, that the epitope is distinct from either site but
requires at least one of the serines to be phosphorylated to
achieve the proper conformation. The strong interaction of
MARA 3 with phosphorylated E2 suggests that the charged res-
idue in position 2 mimics phosphoserine. The fact that phospho-
rylated A2 and E2 interact better than A5 suggests that MARA
3 is related to H14. MARA 3 recognizes phosphorylated A5,
however, whereas H14 does not recognize it at all. Furthermore,
MARA 3 recognizes WT better than A2, whereas H14 interacts
with both phosphorylated substrates to the same extent.

mAb B3 is unique in interacting with phosphorylated A2
more strongly than with WT and the other mutants. This could
indicate that the epitope recognized by B3 is phosphorylated at
position 5. In this respect B3 is like H14. B3’s weak interaction
with A5, however, suggests a more complicated situation. For
example, B3 may prefer a phosphoepitope in the distal noncon-
sensus repeats of the CTD which are only approximated by the
A2 mutation.
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Fic. 3. Immunodetection of the mouse CTD. A mouse CTD fusion
protein was purified and phosphorylated either with Cdc2 or c-ABL
kinase. Equal amounts of unphosphorylated (U), Cdc2 phosphorylated
(C), or c-ABL phosphorylated (A) proteins were separated by 10% SDS-
PAGE and immunoblotted with the mAb indicated at the left. Markers
at the right indicate the mobilities expected for phosphorylated CTD
(CTDO) or the unphosphorylated CTD (CTDA).

Recognition of Mouse CTD Targets—To verify that the mAbs
used in this study also recognize the mammalian CTD, we
generated several phosphorylated mouse CTD fusion proteins.
Fig. 3 shows the interaction with unphosphorylated, Cdc2, and
c-ABL phosphorylated mouse CTD fusion proteins. All of the
anti-phosphorylated CTD mAbs tested interact solely with the
Cdc2 phosphorylated molecules and not with unphosphoryl-
ated or tyrosine-phosphorylated CTD. mAb 8WG16 shows a
very weak recognition of the CTD phosphorylated by c-ABL
suggesting that not all repeats have been phosphorylated.

Growth-related Changes in CTD Phosphorylation—QOur ear-
lier studies showed that different CTD kinases can recognize
different serine phosphoacceptors in the CTD (25). In vivo, the
plethora of CTD kinases could give rise to a family of pol II
phosphoisomers whose populations may change under differ-
ent growth conditions. To test this hypothesis we examined
CTD phosphorylation in cells in different stages of growth. Fig.
4A shows a typical yeast growth curve, and Fig. 4B shows the
results of Western blot analysis using different anti-CTD
monoclonal antibodies. As cells reach late log phase pol IIA
(detected by mAb 8WG16) and pol 110 (detected by mAb H14 or
mAb B3) show maximum expression (Fig. 4; earlier points not
shown). Both of these pol II species decrease gradually as cells
enter the diauxic phase, in which glucose becomes depleted and
cells adapt to respiratory metabolism (67). In contrast, the H5
epitope shows a marked transient increase during the diauxic
shift (14 and 16 h of growth) followed by a gradual decline as
cells enter stationary phase. A similar pattern of expression is
observed with CC3 and MARA 3.

Hb5 Epitope Is Highly Expressed during Heat Shock—The
increase in abundance of the H5 epitope during transition to
stationary phase suggests that phosphorylation of serine 2 may
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FiG. 4. Increase in H5 epitope during diauxic shift. A, a typical
growth curve of yeast cells grown in YEPD as described under “Mate-
rials and Methods.” B, Western blot analysis of extracts prepared from
cells harvested at different times. 100 wg of protein samples were
subjected to Western blot and probed with different mAbs shown on left
as described under “Materials and Methods.” Lanes 1-7, yeast extract
prepared from cells grown for 10, 12, 14, 16, 18, 20, and 42 h,
respectively.

be involved in stress response. As both nutrient deprivation
and heat shock are generally viewed as stressful (67, 68), it is
of obvious interest to determine whether yeast cells respond
similarly in both cases. Previous studies have shown that heat
shock induces CTD phosphorylation (69). To determine
whether both serines 2 and 5 are equally phosphorylated dur-
ing heat shock, yeast extract prepared from treated and control
cells were subjected to Western blot. As shown in Fig. 5 the
level of pol ITA decreases in cells subjected to heat shock.
Although the level of H14 epitope remains almost constant in
both control and heat shock, the level of the H5 epitope dra-
matically increases in heat shock-treated cells, again suggest-
ing an involvement of serine 2 phosphorylation in stress
response.

DISCUSSION

In the present study we have demonstrated that a set of
monoclonal antibodies differ in their recognition of phospho-
epitopes on the CTD. Fig. 6 summarizes the reactivities of
these antibodies. Using these anti-CTD antibodies we show for
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Fic. 5. H5 epitope is elevated during heat shock. About 100 ug
of protein was subjected to Western blot analysis and probed with
different monoclonal antibodies shown to the left. Left three lanes, yeast
extract prepared from cells treated at 39 °C for 15, 30, and 60 min,
respectively. Right three lanes, extract prepared from cells grown at
control temperature for 15, 30, and 60 min, respectively.
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Fic. 6. Monoclonal antibody recognition sites on the CTD. This
figure summarizes the results of the immunodetection experiments
presented here. Arrows indicate essential elements of the epitopes
recognized by different anti-CTD monoclonal antibodies. Lines beneath
the sequence indicate residues involved in putative overlapping B-turns
(see text).

the first time that the pattern of CTD phosphorylation in yeast
varies in response to growth conditions and environmental
stress.

mAb 8WG16 is the only antibody that recognizes the unphos-
phorylated CTD. Indeed, 8WG16 interaction is inhibited by
phosphorylation of the wild-type CTD. Strong binding to the
unphosphorylated A5 mutant coupled with weak binding to A2
and a complete failure to bind E2 suggests that serine in
position 2 is an important element of the 8WG16 epitope. The
ability of 8WG16 to recognize in vivo phosphorylated pol II
suggests that not all CTD repeats are phosphorylated.

The clearest results among the phosphate-specific antibodies
were obtained for mAbs H14 and H5 which recognize largely
non-overlapping epitopes. H5 recognizes phosphoserine in po-
sition 2, whereas H14 recognizes phosphoserine in position 5.
This difference in recognition sites is consistent with observed
differences in immunolocalization of pol II by these mAbs. H5
stains pol II predominantly in nuclear speckles, whereas H14
staining reveals both speckles and a diffuse nucleoplasmic frac-
tion (59). Western blots with H5 reveal a sharp band at ~240
kDa, and H14 detects a broad band extending from ~240 to 220
kDa (59). Presumably these forms differ in their pattern of
phosphorylation, with the H5-reactive form being phosphoryl-
ated predominantly on position 2 and the form detected by H14
being phosphorylated predominantly on position 5. Given the
overlap in both immunolocalization and Western blotting ex-
periments, it seems likely that some pol II molecules are phos-
phorylated on both sites. Indeed, immunoprecipitation experi-
ments indicate that some pol II molecules contain both H5 and
H14 epitopes on the same CTD (59).

mAb CC3 is similar to H5 but differs in some respects.
Although both H5 and CC3 recognize phosphorylated A5 better
than phosphorylated A2, CC3 binds phosphorylated WT better

than A5. Thus, although phosphorylation of position 2 is im-
portant in CC3 recognition, other uncharacterized determi-
nants are also involved. The improved binding to doubly phos-
phorylated WT CTD suggests that phospho-S5 may be an
additional determinant. Dubois et al. (70) have also shown that
CC3 preferentially binds the non-consensus repeats at the C
terminus of the CTD. This interaction is independent of CTD
phosphorylation indicating that CTD conformation is also im-
portant in recognition by CC3.

mAbs B3 and MARA 3 recognize both phosphorylated A2 and
A5. Thus, neither phosphates on serines 2 or 5 are essential
elements of the epitope, although at least one site must be
phosphorylated. Two explanations are possible. First, the phos-
phoserines in positions 2 and 5 may be in similar local envi-
ronments. Structural studies on synthetic heptapeptides (71—
73) indicate the presence of overlapping B-turns as indicated in
Fig. 6. The Ser-Pro motif in these two turns may comprise part
of the epitopes recognized by MARA 3 and B3. Alternatively,
B3 and MARA 3 may recognize structural epitopes distinct
from serines 2 and 5 that require at least one of these residues
to be phosphorylated to achieve the proper conformation.

Differences in immunoblotting and immunolocalization of
pol IT with antibodies that discriminate between phospho-
serines in positions 2 and 5 suggest that phosphorylation of
these sites may have different consequences in vivo. Genetic
and biochemical studies in yeast support this contention. Sub-
stitution of glutamate for serine in the most N-terminal CTD
repeats is lethal at position 5 but not at position 2, whereas the
situation is reversed in C-terminal repeats (26). This result
argues that different repeats within the CTD have different
functions. Suppressor mutations that allow growth of cells with
otherwise lethal serine to alanine or glutamate substitution
mutations in position 2 do not suppress similar substitutions in
position 5 (56). Finally, while Cdc2 kinase phosphorylates po-
sitions 2 and 5 (22), the TFIIH kinase activity and HS-CTD
kinases are specific for position 5 (25, 55). Together, these
results indicate that serines in positions 2 and 5 are function-
ally different.

Our present results indicate that the relative phosphoryla-
tion level of these two serines changes depending on growth
conditions. We show that either nutrient limitation or heat
shock induces transient increase in phosphorylated yeast pol
110 expression. In response to stress, phosphorylation of serine
2 in the CTD repeat is markedly increased, whereas serine 5
phosphorylation shows negligible change. Eukaryotic cells re-
spond to environmental changes such as nutritional depriva-
tion or change in temperature by changing the pattern of gene
expression (67, 68, 74). The major response to environmental
stress is protein modification especially phosphorylation of a
number of regulatory proteins by a cascade of stress-related
protein kinases. In mammalian systems nutrient limitation or
change in temperature induces the kinases belonging to mito-
gen-activated protein kinase pathway, c-JUN kinase path-
ways, and protein kinase C pathways (55, 69, 75). In S. cerevi-
siae the interplay between growth control and stress is quite
intriguing but not well understood. Exposure to increased tem-
perature causes cells to arrest in G; (76) while nutritional
depletion arrests cells in a Gy-like state (77). In both cases
cAMP-dependent protein kinases are thought to play an impor-
tant role in growth control (67). Which kinase phosphorylates
the CTD in yeast in response to stress is not known. Whether
serine 2 phosphorylation is required for this growth control or
whether it is a consequence of growth-related kinase activation
is also not clear.

Different CTD phosphoisomers may play different roles in
development. Early germ line nuclei in Caenorhabditis elegans
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and Drosophila react with H14 but not H5, whereas somatic
nuclei react with both mAbs (78). Absence of the H5 phospho-
epitope in germ line nuclei correlates with failure to express
many mRNAs present in somatic cells. This result suggests
that phosphorylation in position 2 is required for transcription,
a suggestion consistent with the lethal effect of serine to ala-
nine substitution mutations in yeast (26). Furthermore, this
result is consistent with a mechanism for transcription repres-
sion that involves dephosphorylation (or failure to phosphoryl-
ate) of position 2. Clearly, the phosphoepitope-specific antibod-
ies like H5 and H14 will be critical in determining the role of
the CTD in developmentally regulated transcription
repression.

The multiple potential CTD phosphoryl acceptors, CTD ki-
nases, and possible CTD functions imply that understanding
the mechanism of CTD function will not be a simple task.
Several possible functions could be imagined for the different
phosphoryl acceptors on the CTD. First, results presented in
this paper suggest that H5 epitope may be involved in specific
gene expression such as stress response gene, whereas H14
epitopes may be required for general overall transcription.
Alternatively, phosphorylation on serine 2 may be essential to
shut down the general transcription and for directing the in-
active pol 110 to storage sites such as speckles, while appear-
ance of serine 5 phosphorylation may be representing the ac-
tive pool of polymerase. Finally, modulating the levels of pol 110
phosphoisomers may help the binding of different CTD-associ-
ated proteins such as Nrdlp (15, 79) in yeast or mammalian
CTD-associated SR-like proteins (16, 20). Other studies in our
lab show that these proteins require a specific pattern of CTD
phosphorylation for their interaction.® Thus, regulation of
CTD-binding protein interaction by changes in the CTD phos-
phorylation pattern may help regulate the assembly of the
mRNA processing factors on the growing nascent RNA.
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