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ABSTRACT. The carboxyl terminal domain of RNA polymerase Il has multiple essential roles in transcription
initiation, promoter clearance, transcript elongation, and the recruitment of the RNA processing machinery.
Specific phosporylation events are associated with the spatial and temporal coordination of these different
activities. The CTD is also modified h§O-linked GIcNAc on a subset of RNA Pol Il molecules. Using
synthetic CTD substrates, we show here that O-GIcNAc and phosphate modification of the CTD are
mutually exclusive at the level of the enzymes responsible for their addition. In addition, we show that
O-GIcNAc transferase and CTD kinase have different CTD repeat requirements for enzymatic activity.
The Ky, values of the two enzymes for CTD substrates are in a similar range, indicating that neither
enzyme has a distinct kinetic advantage. Thus, the in vivo regulation of O-GIcNAc and phosphate
modification of the CTD may involve the differential association of these two enzymes with the CTD at
specific stages during the transcription cycle. Furthermore, direct competition between OGT and CTD
kinase in vivo could generate multiple functionally distinct isoforms of RNA Pol Il. Taken together,
these results suggest that O-GIcNAc may give rise to additional functional states of RNA Pol Il and may
coordinate with phosphorylation to regulate class Il gene transcription.

The production of mature eukaryotic messenger RNA is rylation of the CTD is associated with numerous molecular
a complex process that requires the coordinated interactionsevents, including promoter clearan®,(passage through
of RNA Pol Il with a multitude of protein factorsl-4). In promoter proximal pause sited(Q; 11), stabilization of
addition to specific protein contacts, the process of gene elongation complexeslp), and the recruitment of mRNA
transcription involves reversible phosphrorylation of the processing machinery7( 8, 13). There are a number of
unique carboxyl terminal domain (CTDf the large sub-  kinases that can phosphorylate the CTD in vitro, and several
unit of RNA Pol Il (5). A subset of RNA Pol Il mole-  CTD kinases have demonstrated roles in the transcription
cules contains another post-translational modification, cycle. The basal transcription factor TF IIH contains a
O-linkedN-acetylglucosamine (O-GIcNAc), onthe CTB){  Cdk7—cyclin H pair that phosphorylates the CTD4-16)
O-GIcNAc and phosphate modifications of the RNA Pol Il during the transition from transcription initiation to elonga-
CTD are mutually exclusive, suggesting distinct roles in the tion. This phosphorylation event may enhance promoter
transcription cycle. clearance by disrupting interactions of the CTD with
~An immense body of research over the last 15 years hascomponents of the transcription preinitiation complex,
firmly established multiple roles for the CTD of RNA Pol  ajthough the exact mechanism of promoter clearance is not
Il'in eukaryotic transcription and messenger RNA processing yet clear. There is also evidence that CTD phosphorylation
(5, 7, 8). The CTD is a unique domain that consists of s required for the passage of RNA Pol Il throughpguse
multiple tandem repeats of the heptapeptide consensusgjteg present in a number of different gen@s, (11, 17).
sequence YSPTSPS. The CTD is conserved throughout therpe Hjv-1 protein Tat appears to enhance RNA Pol I
evolutionary ladder, although the number of repeats varies processivity by directly stimulating the TF IIH CTD kinase
from 26 copies in yeast to 52 copies in mammals. Phospho-(1g) | addition to the TF IIH kinase, other CTD kinases
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1 Abbreviations: UDP-GIcNAc, uridine diphosphe-acetylglu- transcription either by phosphorylating and downregulating

cosamine; ATP, adenosine triphosphate; TBS, Tris-buffered saline; the TF IIH cyclin H subunit or by directly phosphorylating

CTD, carboxyl terminal domain of RNA polymerase II; CAK, Cdk N ;
activating kinase; O-GIcNA@-O-Ser/Thr-linked\-acetylglucosamine; Fhe_ (?TD @1). The CyCIm. d_ependent Kinase C.dC2 can aiso
OGT, O-GIcNAc transferase; TLC, thin-layer chromatography; TPR, inhibit RNA Pol Il transcription by phosphorylating the CTD

tetratricopeptide repeat; CD, circular dichroism. (22). In addition to its effects on transcription, specific
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phosphorylation of the CTD also mediates the association ATP was purchased from New England Nuclear (Boston,

of RNA Pol Il with multiple mMRNA splicing factors, mRNA
capping enzymes, and polyadenylation fact@)s (

MA). All peptide synthesis reagents were purchased from
NovaBiochem (San Diego, CA). Organic solvents were from

While CTD phosphorylation is associated with the transi- J. T. Baker (purchased through Fisher Scientific, Pittsburgh,
tion from transcription initiation to elongation and with the PA). All other chemicals were purchased from Sigma-Aldrich
recruitment of RNA processing machinery, the nonphos- Chemical Co. (St. Louis, MO). Fmoc-protected serine-O-
phorylated form of RNA Pol Il is involved in the formation ~ GICNAc and threonine-O-GIcNAc were synthesized in our
of transcription competent initiation complexes. Prior phos- lab from readily available reagents.
phorylation of the CTD prevents RNA Pol Il from entering Synthesis of CTD Repeating Peptid8gnthetic peptides
into the preinitiation complex2@). The nonphosphorylated  bearing 1, 2, 3, 5, or 10 tandem repeats of the RNA Pol Il
form of RNA Pol Il is modified with O-linked GIcNAc carboxyl terminal domain (CTD) repeat sequence YSPTSPS
(O-GIcNAC) along the length of the CTB). O-GIcNAc is were synthesized in our lab by standard Fmoc chemistry on
a unique form of protein glycosylation that occurs on resident a Millipore 9050 automated peptide synthesizer (PE Bio-
nuclear and cytoplasmic proteir®4 of all higher eukaryotes ~ Systems, Framingham, MA). All peptides were purified by
that have been examined to dagb{27). The O-GIcNAc semipreparative chromatography on g @versed phase
modification consists of the monosaccharideacetylglu- column using linear gradients of aqueous acetonitrile in 0.1%
cosamine inB-O-glycosidic linkage to the side chain hy- trifluoroacetic acid. Each peptide was purified by a slightly
droxyl groups of serine and threonir@g]. Unlike classical different gradient according to analytical determination of
glycosylation, O-GIcNAc is a dynamic modification that its chromatographic properties. Synthetic peptides bearing
turns over rapidly compared to the peptide backbdt® (  O-linked GIcNAc were prepared by incorporating Fmoc-
30). The modification occurs on a wide variety of proteins protected serine-O-GIcNAc or threonine-O-GIcNAc at the
involved in many different cellular systems, including desired position as previously describ&@)(
chromatin proteins3Y), protein translation regulatory factors Expression and Purification of OGRecombinant OGT
(32), RNA processing proteirs,and many RNA Pol I was expressed in High Five insect cells cultured in Grace’'s
transcription factors33). A growing body of evidence points  insect medium as previously describ@®)( Typically, 500
to a regulatory role for O-GIcNAc on many of these proteins mL of midlog (~5—7 x 10 cells/mL) cells was infected
(34). Indeed, knockout studies have shown that the gene forfor 48 h. Cells were harvested by centrifugation and stored
the O-GIcNAc transferase (OGT) is essential for life at the at—20°C until thawing for purification. Recombinant OGT
single-cell level 85). O-GIcNAc shares many features in was purified as described previousi89 with minor
common with phosphorylation, and in some cases, the two modifications. The linear gradient was replaced with a step
modifications are mutually exclusive at a given site 36, elution of 5, 20, and 100 mM imidazole in 20 mM Tris (pH
37). Furthermore, all O-GIcNAc proteins that have been 7.9) and 0.5 M NaCl. OGT eluted in the 100 mM imidazole
identified to date are also phosphoproteins. The coordinatedfraction. The purified enzyme was stored in aliquots-80
action of both of these post-translational modifications greatly °C. After an aliquot had been thawed, the enzyme was stored
increases the potential number of functional states of a givenat —20°C. The recombinant OGAS5.5 TPR deletion mutant
protein. In the case of RNA Pol Il, which contains multiple was purified in the same manner.
phosphate and O-GIcNAc sites, these two modifications OGT AssaysThe purified enzyme was diluted 1:25 in 20
could generate an enormous number of functionally distinct mM Tris (pH 7.9), 20% glycerol, and 0.02% NgNand the
isoforms of the protein. reactions were started with the addition of 2b of the

As a first step in examining the interplay between diluted enzyme. Depending on the assay, UBHEICNAC
O-GIcNAc modification and phosphorylation of the RNA Wwas used at different specific activities as indicated in the
polymerase CTD, we studied the two modifications at the figure legends. Assays were typically carried out in a final
level of the enzymes responsible for their addition. We found volume of 50uL in 50 mM sodium cacodylate (pH 6.5) and
that while the two enzymes have similar kinetics, they show stopped by the addition of 15@L of 50 mM formic acid
distinct CTD substrate requirements and different modes of containing 1.0 M NaCl. The reaction mixture was loaded in
substrate binding. Furthermore, we report that O-GlcNAc 1 mL of 50 mM formic acid onto a § SepPak cartridge
and phosphate modification of the CTD sequence is recipro- (Waters Corp., Milford, MA) equilibrated in 50 mM formic
cal at the level of OGT and the TF IIH CTD kinase. These acid. The cartridge was washed successively with 10 mL of
results imply that O-GIcNAc and phosphate are reciprocally 50 mM formic acid, 50 mM formic acid with 1.0 M NaCl,

related on the CTD and that they give rise to different and finally dHO. The labeled peptides were eluted directly
functional variants of RNA Pol II. into 20 mL scintillation vials with 4 mL of 50% methanol,

and the amount of incorporatetH]GIcNAc was determined
in a scintillation counter.

Expression and Purification of CTD Kinadeecombinant
baculovirus containing the CDK activating kinase (CAK) and
CTD kinase components of the general transcription factor
TF IIH (cdk 7, cyclin H, and p36) were a kind gift of A.
Levine. The cdk7 and p36 subunits each contain a hemag-
glutinin epitope tag (HA-cdk 7 and HA-p36, respectively),
while the cyclin H subunit contains a Hitag (His-cyc H).

For a typical enzyme preparation, Sf9 insect cells growing
2N. Zachara, D. M. Snow, and G. W. Hart, manuscript in preparation. in 500 mL of suspension culture at a density~ef x 10°

MATERIALS AND METHODS

Materials High Five and Sf9 insect cells were purchased
from Invitrogen (San Diego, CA). Grace’s insect medium
was purchased from GIBCO-BRL (Rockville, MD). UDP-
[®H]GIcNAc was purchased from American Radiolabeled
Chemicals (St. Louis, MO). UDP-GIcNAc was purchased
from Amersham-Phamacia Biotech (Piscataway, N3p]{
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A. CTD kinase activity
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B. OGT activity
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Ficure 1: CTD kinase and OGT have different CTD repeat requirements. A series of syntheticr€déat peptides (whemis the

number of repeats) were tested for their ability to serve as substrates for CTD kinase (A) and OGT (B). CTD kinase assays were performed

at a peptide concentration of 3@®1 and contained LCi of [y-32P]JATP cold diluted to 20«M. OGT assays contained 1 mM peptide and

1 uCi of UDP-PH]GIcNAc cold diluted to 0.5 mM.

cells/mL were triply infected with HA-cdk 7, HA-p36, and
His-cyc H recombinant baculovirus. The infection was

mL of 50 mM formic acid containing 1.0 M NaCl. The
cartridges were washed successively with 10 mL each of 50

allowed to proceed for 48 h, and the cells were harvested mM formic acid, 50 mM formic acid containing 1.0 M NacCl,

by centrifugation in aliquots containingl x 1 cells (100
mL culture). Cell pellets were stored at20 °C until
purification. Cell pellets were thawed on ice in lysis buffer
[20 mM Tris (pH 7.9), 250 mM NaCl, and 0.5% Nonidet

and then finally HO. The labeled peptides were eluted

directly into 20 mL scintillation vials with 4 mL of 50%

aqueous methanol and counted in a scintillation counter.
Determination of MichaelisMenten Constants (K. The

P-40] and then sonicated with three 30 s bursts of a probeK, values for both OGT and CTD kinase were determined

sonicator. The lysate was centrifuged at 35@@ 30 min.
The supernatant fraction was filtered through aim®filter

using the CTDy peptide over a concentration range of-05L
mM. The K, of OGT was determined at a UDP-GIcNAc

and applied batchwise to 0.5 mL of Chelating Sepharose Fastconcentration of 0.5 mM at a specific activity of 0.1 Ci/

Flow (Amersham-Pharmacia Biotech) charged with NyjSO
The resin was washed with 10 mL of lysis buffer followed
by 10 mL of Tris-buffered saline (TBS) [20 mM Tris (pH
7.9) and 150 mM NaCl] containing 5 mM imidazole. The
enzyme complex was eluted with 10 mL of TBS containing

mmol of UDP-PH]GIcNAc. The CTD kinaseK, was
determined at an ATP concentration of 1 mM at a specific
activity of 0.1 Ci/mmol of [-*?P]JATP. The measurements
were repeated three times in duplicate for OGT and three
times in triplicate for CTD kinase. Th&, values were

100 mM imidazole. The preparation was desalted and determined as the negative slope in a Wedlfigustinssor

concentrated in a centrifugal ultrafiltration device with a

molecular weight cutoff of 5000 against three changes of

BC-100 buffer [20 mM Tris (pH 7.9), 0.1 mM EDTA, 100
mM KCI, 4 mM MgCl,, and 10% glycerol] containing 1
mM DTT. The preparation was concentrated~8600 uL,
then brought to a final concentration of 40% glycerol, and
stored in aliquots at-80 °C.

CTD Kinase Assay<£TD kinase assays were carried out
as previously describedi@). Briefly, assays were carried
out for 30 min in a 2QuL reaction volume containing 50
mM Tris (pH 7.9) and 8 mM MgGl The amount of-32P]-
ATP and the degree of cold dilution varied depending on

Hofstee plot.

CD Spectroscopy MeasurementTD, peptides were
dissolved in 10 mM N#HPQ, (pH 7.78) at a concentration
of 67.75uM. The peptide concentrations were determined
on a fraction of the samples, using the extinction coefficient
of tyrosine at 293 nm in 0.1 M NaOH:+,2%3"™ = 2.390
mM~! per Tyr residue). Measurements were taken in
triplicate at 15°C on an Aviv 60DS CD spectropolarimeter.

RESULTS

CTD Kinase and OGT Ha Different CTD Substrate
RequirementsAs a first comparison of OGT and CTD

the experiment, as indicated in the figure legends. Assayskinase, we determined the minimal number of CTD repeats

were stopped by the addition of 140 of 200 mM ATP and
140uL of 50 mM formic acid containing 1.0 M NaCl. Five
microliters was loaded onto a§¥eversed phase RPSF TLC
plate (Analtech, Newark, DE) prespotted with A0 of 100
mM ATP. The plates were developed with an acetonitrile/
phosphoric acid/triethylamine mixture (3%:0.1%:0.28% v:v:v
in H,0). The plates were dried, and the products, which
remain at the origin, were visualized by autoradiography.

required for enzymatic activity. CTD kinase exhibits a linear
increase in the level of phosphate incorporation as the num-
ber of CTD repeats increases (Figure 1A). To our surprise,
OGT exhibitshowed very different activity toward the CTD
series of peptides. OGT showed poor activity toward the
CTD peptides until we increased the length to 10 repeats
(Figure 1B). This length requirement seemed unusual, as
OGT is capable of utilizing many short peptides very

The products were scraped from the plate and counted in aefficiently (39). To rule out the possibility of &, threshold

scintillation counter.
Alternatively, the products were analyzed op SepPak

effect, we normalized the peptide concentrations on the
basis of the number of CTD repeats and saw the same re-

cartridges (Waters Corp.) as follows. The SepPak cartridge sult (data not shown). These results suggest that OGT may
was wet with 10 mL of methanol and then equilibrated in have a different mode of substrate selectivity than CTD
10 mL of 50 mM formic acid. Samples were loaded in 1 kinase.
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1407 unlikely that the requirement for multiple CTD repeats for
1201 both OGT and CTD kinase is based upon the acquisition of
a stable structural feature upon increasing the number of CTD
1007 repeats. Nevertheless, these results do not rule out the
$0- possibility that the catalytic mechanisms of these two
pmol GleNAe enzymes require a proper orientation of the substrate that is
601 only met with a minimum number of CTD repeats.
404 Glycosylation of the CTR Peptide Requires Multisite
Interaction with OGT.We next tested whether the length
207 requirement of OGT toward CTD peptides could be due to
0 - , , . . . a multisite mode of substrate binding. We reasoned that if
0 2 4 6 8 10 12 OGT requires more than one site of contact with the CTD
Time (hrs) substrate, then disrupting its subunit structure may impair
Ficure 2: Time course of OGT activity toward the CTgpeptide. the at_)'l'ty of the enzyme to utilize the Chpsubstrate.
Reaction mixtures contained 1 mM CTfpeptide and uCi of Likewise, one might expect shorter nonsubstrate CTD

UDP-PH]GIcNAc at 0.5 mM. Activity measurements were com-  peptides to inhibit glycosylation of the CEpsubstrate by

pared against the CTD alanine-substituted negative control peptide.interfering with one or more of the sites of binding. Deletion

The experiment was repeated twice in duplicate. analysis of OGT revealed that truncation of approximately
half of the tetratricopeptide repeat motifs of the enzyme

further i : he diff . b izati results in a loss of its trimeric architectu®9). Nevertheless,
To further investigate the differences in substrate utilization i< qeletion mutant, designate5.5 OGT, is equally

of CTD kinase and OGT, we performed kinetic analyses of g cive at catalyzing the transfer of O-GIcNAc to several
the activities of the two enzymes toward CTD substrates. giorent peptide substrates. We found that this truncated
We first wanted to see if OGT shows a nonstandard time ), meric OGT is unable to glycosylate the GFBubstrate
course of Incorporation of O-GleNAc Into the Cldpeptide. efficiently compared to native trimeric OGT (Figure 6A).
we hypothesmed _that the substrate efficiency of th? ©TD  This result suggests that there is a requirement for multiple
peptide could be higher than those of the other Cp@ptides o5 of contact with the CTI substrate, either across
as a result of product activation. If the addition of the first ¢\ hits or between the active site and one’or more additional
GlcNAc resulted in a more efficient addition of subsequent contact sites in the TPR domain. Since the TPR domain is
GIcNAc residues, one would expect a nonlinear increase in a known protein interaction domai#d), it is possible that
the rate of GIcNAc incqrpqration. Neverthel_ess, we opserved it may act as a selectivity filter for, a subset of OGT
a standgrd hyperbolic time course of Incorporation of substrates. Our results are reminiscent of previous findings
GlcNAc into the CTDo peptide (Figure 2), arguing against nich showed that OGT truncation compromised activity
product activation of the substrate. Likewise, the Mi_chaelis toward protein substrates more than toward a peptide
Menten plot shows a normal substrate saturation CUrVe g pqirate44). As a further test of the multiple-site binding

(Figure 3A), argu_ing against any fofm of product_activation. mode of OGT toward CTD substrates, we also performed
A Woolf—AugustinssorHofstee reciprocal plot (Figure 3B) ;) hetition experiments with several CTD peptides. The

shows aK™ value of 313uM, which is comparable to the . PP
known K, values of OGT for other peptide substrat88)( ;:I;/—Eés[;/?apt}gjr? c;fs tﬁenga_aspueb;tkrjaete(Ffiogru(r)eGGTé)?/(_arthg Ig%'glts
The Kinetics of CTD Kinase toward the ClfPeptide  peptide also inhibits glycosylation of other peptide substrates
Are Similar to Those of OGTWe next determined the (data not ShOWﬂ). In contrast, a C]’Depude bearing one
kinetics of CTD kinase toward the Chgpeptide. Like OGT,  O-GIcNAc residue is ineffective at inhibiting glycosylation
CTD kinase shows a normal hyperbolic Michaelldenten  of the CTDy peptide. Likewise, a CTDpeptide that contains

OGT Exhibits Normal Kinetics toward the CT{Peptide.

substrate saturation curve (Figure 4A). The Wedit- alanine substitutions at each of the serine and threonine sites
gustinssor-Hofstee reciprocal plot analysis revealka s also incapable of inhibiting OGT. We also performed the
value of 898:M (Figure 4B), which is in a range similarto  converse experiment with CTD kinase and found that the
that of OGT. CTD; peptide does not inhibit phosphorylation of the G§D

The CTD Peptide Backbone Exhibits No Major Structural peptide (data not shown). Taken together, these results
Changes upon Increasing Repeat Lengtte next wanted  strongly suggest that OGT employs a unique multisite mode
to test whether the differences in CTD substrate utilization of binding to CTD substrates. This mechanism is distinct
between CTD kinase and OGT were due to the acquisition from binding to other peptide substrates, as the enzyme is
of a stable structural feature upon increasing the number offully capable of glycosylating many short peptides. There-
CTD repeats. Previous work in J. Corden’s laboratory fore, our results may be representative of a novel mechanism
demonstrated that the CTD adopt8-&urn configuration in for the regulation of OGT activity toward a subset of
trifluoroethanol solutions41). We wanted to test whether  substrates.
the CTD could adopt a stable structure in aqueous buffers Phosphorylation of the CT{gPeptide Inhibits the Acaity
and whether such structures were dependent upon a minimabf OGT. Previous work in our laboratory showed that
number of CTD repeats. We thus performed CD spectros- O-GIcNAc and phosphate modifications of the CTD of RNA
copy experiments on the series of CTReptides (whera Pol 1l are mutually exclusive€). One of the goals of this
=1, 2, 3,5, and 10). The CD measurements for all of the study was to determine whether this reciprocity occurs at
CTD peptides are consistent with random cdip)( rather the enzymatic level. To address this question directly, we
than any obvious secondary structure (Figure 5). Thus, it is prepared CTD peptides that were either phosphorylated or
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A. Michaelis-Menten Plot B. Wolfe-Augustinsson-Hoftsee Plot
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Ficure 3: Kinetic analysis of OGT activity toward the CEPpeptide. Assays contained 100, 200, 300, 400, 500, anduKDCTD1,
peptide and 2.%Ci of UDP-[H]GIcNAc at 0.5 mM. The level of incorporation was measuredtsounts that bound to a;g¢SepPak
cartridge. Data were assessed with a Michadiienten plot (A) and a Wooif Augustinssor-Hofstee analysis (B) to obtaiky, values.
Data are representative of three experiments, each performed in triplicate.

A. Michaelis-Menten Plot B. Wolfe-Augustinsson-Hoftsee Plot
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Ficure 4: Kinetic analysis of CTD kinase activity toward the Cippeptide. Assays contained 100, 200, 300, 400, 500, 700, and 1000
uM CTDy, peptide and 5.Ci of [y-32P]JATP cold diluted to 1 mM. The level of incorporation was measure#gRounts that migrated
with the peptide on a {g reversed phase TLC plate. Data were assessed with a MichMaisten plot (A) and a Wootf Augustinssor-
Hofstee analysis (B) to obtaili,, values. Data are representative of two experiments, each performed in triplicate.

O-GIcNAc-modified. We prepared a phosphorylated GJ D Glycosylation of the CTD Sequence Inhibits the Afti
peptide by in vitro phosphorylation with CTD kinase. Our of CTD Kinase.We prepared a synthetic CFDpeptide
results show that in vitro phosphorylation completely abol- containing Thr-O-GIcNAc at position 4 of each CTD repeat.
ishes the activity of OGT toward the CT§peptide (Figure CTD kinase assays on the C¥Dhr-O-GIcNAc peptide
7A). This inhibition is underscored by the fact that the in demonstrate that the presence of O-GIcNAc effectively
vitro phosphorylation reaction gives only a substoichiometric blocks the ability of the peptide to become phosphorylated
yield of three phosphates per CiDpeptide (data not (Figure 7B). Although the major sites of CTD phosphory-
shown). Sequencing of the OGT-labeled Gfeptide lation in vivo are the serines at positions 2 and5h the
indicates that all of the incorporated GIcNAc is present in major site of glycosylation is the threonine at positior6} (
the N-terminal end of the peptide (data not shown). The work Therefore, this result is not merely due to the trivial capping
of Cordes and Krohne suggested that OGT glycosylates theof CTD phosphorylation sites. We also performed experi-
nuclear pore protein gp62 in a sequential mandgy. (Our ments to test if substoichiometric glycosylation of the GJD
results suggest that OGT may glycosylate the full-length peptide inhibits its ability to serve as a substrate for the CTD
CTD in a similar manner, glycosylating N-terminal resi- kinase. Using OGT to glycosylate the CIf3equence, we
dues first before moving on to other residues in the CTD were only able to achieve a stoichiometry ofL mol of
sequence. If the CTD kinase also exhibits sequential phos-GlcNAc per mole of CTDRy, peptide, despite the presence of
phorylation of the CTD substrate, it would explain why 40 potential sites of glycosylation. We found that the CTD
exhaustive phosphorylation is not required for inhibition of kinase was still able to phosphorylate this peptide (data not
glycosylation. shown). This result is not surprising, as we found that the
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to nascent transcript$,(7, 8). Kelly et al. 6) demonstrated
that O-GIcNAc and O-phosphate modifications of the CTD
are present on different pools of RNA Pol Il. Using a defined
in vitro system, we show here that this reciprocity occurs at
the level of the enzymes responsible for their addition, the
TF IIH CTD kinase and O-GIcNAc transferase. These results
suggest that the two modifications may be involved in a
concerted mechanism for the regulation of RNA Pol Il. A
number of studies have suggested that there is remodeling
of the CTD phosphorylation pattern during the transcription
cycle B). In support of this hypothesis, protein kinase
inhibitors diminish the ability of RNA Pol Il to produce long
Wavelength (nm) transcripts. Furthermore, the transcription elongation factor
FiGURE 5: CTD peptide backbone showing no major structural PTEFD is a CTD kinaseS). Nevertheless, it is not clear
change upon increasing the number of CTD repeats. CD spectrosrecisely how the phosphorylation pattern changes during

[6]1x10° 5]
(degecm?+dmol)
-104

cTD,
cTD,
cTD,
CTD,
CTD,,

Il

154

=20

180

200 220 240 260 280

copy measurements were taken on the g$&ries of peptides in
10 mM NgHPO, buffer (pH 7.78). Peptide concentrations were
67.75uM based on the absorbance of tyrosine at 293 nm. All
measurements were taken at 5 in triplicate.

the transcription cycle. The study presented here suffers from
the same limitation as many other studies of the CTD.
Namely, it does not address the way in which specific

patterns of post-translational modification along the entire
OGT only glycosylated the extreme N-terminus of the length of the CTD could affect either the activity of RNA
peptide (data not shown), leaving many repeats unmodified P! Il or its association with transcription factors. Our model
and available for the CTD kinase. This result merely suggestsfor the role of O-GIcNAc on the CTD (Figure 8) and the
that the CTD kinase does not need an unglycosylated accepted model for the role of phosphorylation of this domain
N-terminus to phosphorylate downstream sites. However, thedepict uniform modification along the length of the CTD. It
presence of a single O-GIcNAc on each repeat of the CTD is equally possible that there are distinct subdomains on the
is sufficient to inhibit phosphorylation. Thus, the two CTD that differ in their pattern of post-translational modi-
modifications may not always compete for the exact same fication. The repetitive nature of the CTD and the vast
sites on the CTD, but the presence of O-GIcNAc in the region humber of hypothetical CTD isoforms that post-translational
effectively prevents phosphorylation of adjacent sites, and modifications might generate make it difficult to address this
vice versa. possibility in a systematic manner.

We found that the CTD kinase and the O-GIcNAc

DISCUSSION

The role of phosphorylation of the unique carboxyl
terminal domain (CTD) of RNA Pol Il §) has been the
subject of a great deal of study over the last 15 years.
Phosphorylation of the CTD is associated with the exit of
RNA Pol Il from the preinitiation complex and the mainte-

transferase display simil#, values, suggesting that neither
enzyme has a strong kinetic advantage. In contrast, the
enzymes have distinct CTD repeat requirements and have
different modes of substrate binding. These differences
provide potential mechanisms for the differential regulation
of the activities of each enzyme. The unusual length-

nance of transcription elongation complexes. Recent studiesdependent selectivity of OGT for CTD substrates prompted
clearly demonstrate that CTD phosphorylation is also further investigation. This length requirement is different
involved in the recruitment of the RNA processing machinery from those of other OGT substrate39), leading us to
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Ficure 6: Glycosylation of the CTk peptide requires multisite interactions with OGT. (A) The activity of full-length trimeric OGT was
compared to that of the monomenks.5 TPR OGT. The activity toward the CT§peptide was normalized relative to the activity toward
the CK2 peptide substrate for each enzyme. (B) Peptide mixing experiment. The activity of OGT toward thegp€tidle was assayed
at a CTDQp concentration of 1 mM in the presence or absence of a 5-fold molar excess qfsBifke-repeat peptides. CT» YSPTSPS,
CTD1-0-cienac YSPT(O-GIcNAC)SPS, and CT4 YAPAAPAK.
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Ficure 7: Phosphorylation and glycosylation of the CTD sequence are mutually exclusive. (A) Activity of OGT toward the CTD peptide
following prior phosphorylation. The CTig peptide was phosphorylated in vitro with CTD kinase to a stoichiometry of three to four
phosphates per molecule. The assays were carried out at a peptide concentrationMfés@Dwith 0.54Ci of UDP-[?H]GIcNAc. For the

mixing control, the reaction mixtures contained equal amounts of each peptideN§OThe data are representative of three experiments,
each performed in triplicate. (B) Activity of CTD kinase toward the O-GIcNAc-modified CTD peptide. A{@Eptide containing O-GIcNAc

on all five Thr residues was prepared synthetically. The assays were carried out at peptide concentratiopdlohrid®vith 0.1Ci of
[y-32P]ATP cold diluted to 10«M. The mixing control contained equal peptide concentrations (@R
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Ficure 8: Model for the potential roles for O-GlcNAc on the CTD
of RNA Pol Il. This model outlines three major possibilities for
the function of O-GIcNAc on the CTD of RNA Pol II. (A)
O-GIcNAc may regulate assembly of RNA Pol Il transcription
initiation complexes via specific contacts with other components
of the transcription machinery. In this model, the O-GIcNAc-
modified form of RNA Pol Il enters the preinitiation complex. After
the initiation complex is complete, an O-GIcNAc specifieN-
acetylglucosaminidase would selectively remove the O-GIcNAc
residues, thus allowing for CTD phosphorylation and entry into
the elongation phase of transcription. (B) O-GIcNAc could mediate
interaction of RNA Pol Il with components of the RNA Pol Il
holoenzyme complex. The O-GIcNAc-mediated association of RNA
Pol 1l with holoenzyme components could direct RNA Pol Il to
active promoters for rapid activation of transcription. (C) O-GIcNAc
may protect RNA Pol Il from degradation, thus allowing for the
accumulation of a readily available storage pool of RNA Pol Il. In
this model, O-GIcNAc could be removed from the CTD prior to
entry into the initiation complex or may remain on the CTD until
after formation of the initiation complex. The three possibilities
are not mutually exclusive.

activity toward the CThy peptide shows that the reaction
follows a simple hyperbolic curve (Figure 2). This observa-
tion rules out the possibility of some sort of product
activation, as one would expect a nonlinear time course if
the initial addition of O-GIcNAc facilitates subsequent
glycosylation events. Finally, we investigated whether uti-
lization of CTD substrates requires multisite interactions with
OGT. Peptide mixing experiments and OGT truncation
mutant studies suggest that OGT requires multiple sites of
interaction to utilize CTD substrates (Figure 6). Partial
truncation of the tetratricopeptide repeat (TPR) region of
OGT abolishes activity toward the CT§peptide. Since this
protein interaction domain4@) is also responsible for
trimerization of the enzyme39), it is not clear whether this
result is due to the loss of the subunit architechture of OGT
or the deletion of a CTD binding site in the TPR domain.
Further study is necessary to determine whether there is a
direct interaction between the CTD and the TPR domain of
OGT. If there is a direct interaction, one can envision a
mechanism of regulation in which a specific TPR binding
protein could specifically block the site of interaction
between the CTD and the TPR domain, thus downregulating
the activity of OGT toward the CTD.

Since phosphorylation of the CTD is associated with
promoter clearance, transcript elongation, and RNA process-
ing, it is conceivable that O-GIcNAc may be involved in
early events in the transcription cycle. Figure 8 outlines some
of the possible roles of O-GIcNAc on the CTD of RNA Pol
II. O-GIcNAc could direct specific protein contacts that
mediate the recruitment of RNA Pol Il to active promoters
(Figure 8A). These associations could also aid in the proper
positioning of the enzyme at the start site of transcription.
Structural studies from Simanek and co-workers showed that
O-GIcNAc maodification of the CTD repeat induces a turnlike

hypothesize that OGT may have a unique mode of binding structure 46). It follows that, in addition to preventing CTD

to CTD substrates. We reasoned that OGT may recognize agphosphorylation, the presence of multiple O-GIcNAc residues
stable structural feature acquired upon increasing CTD along the length of the CTD could dramatically alter the

length, but CD spectroscopy measurements argue againsstructure of this domain. Such changes in conformation could
such a mechanism (Figure 5). The time course of OGT affect the activity of RNA Pol Il, either directly or by
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modulating interactions with other components of the
transcription machinery. Alternatively, specific factors may
interact directly with the O-GIcNAc residues on the CTD.
These O-GIcNAc-mediated interactions could regulate the
formation of transcription initiation complexes. Another
possibility is that O-GIcNAc modification of the CTD
mediates the interaction between RNA Pol Il and components
of the RNA Pol Il holoenzyme complex (Figure 8B). Finally,
O-GlcNAc modification of the CTD could convert RNA Pol

Il into a stable storage form that is transcriptionally inactive,
but poised for activation through the action of an O-GIcNAc
specific f-N-acetylglucosaminidase (Figure 8C). The O-
GIlcNAc modification appears to protect the transcription
factor Spl from proteasome degradaticty)( A similar
protective mechanism could allow for the accumulation of
a readily mobilizable pool of RNA Pol Il. In any case, the
reciprocity between CTD phosphorylation and glycosylation
suggests that the two modifications play distinct roles in the
regulation of RNA Pol Il. The complexity of coordinating
the proper expression of the many eukaryotic genes tran-
scribed by RNA Pol Il is likely to require a concerted effort
between both phosphorylation and glycosylation of RNA
Pol II.
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