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Although the O-linked N-acetylglucosamine (O-GlcNAc)
modification of the RNA polymerase II C-terminal domain was
described 20 years ago, the function of this RNA polymerase II
(pol II) species is not known. We show here that an
O-GlcNAcylated pol II species (pol II�) exists on promoters
in vitro. Inhibition of O-GlcNAc-transferase activity and
O-GlcNAcylation prevents pol II entry into the promoter, and
O-GlcNAc removal frompol II is anATP-dependent stepduring
initiation. These data indicate thatO-GlcNAc-transferase activ-
ity is essential for RNApol II promoter recruitment and that pol
II goes through a cycling of O-GlcNAcylation at the promoter.
Mass spectrometry shows that serine residues 2 and 5 of the pol
II C-terminal domain are O-GlcNAcylated, suggesting an over-
lap with the transcription factor IIH (TFIIH)-dependent serine
5phosphorylation events during initiation andP-TEFb (positive
transcriptional elongation factor b) events during elongation.
These data provide unexpected and important insights into the
role of a previously ill-defined species of RNA polymerase II in
regulating transcription.

The current model of the RNA polymerase II (pol II)2 tran-
scription cycle proposes that a preinitiation complex (PIC)
forms on promoters using pol IIA, a species of pol II in which
its C-terminal domain (CTD; consensus heptad repeat
Y1S2P3T4S5P6S7) is hypophosphorylated. The CTD is then
extensively phosphorylated at several residues during elonga-
tion (pol IIO species) (1–3). However, pol IIA is also
O-GlcNAcylated (4, 5), thus casting doubt on whether pol IIA
orO-GlcNAcylated pol II is the initiation-specific species. This

has remained an unresolved issue as has the general function of
the O-GlcNAc modification of pol II.
TheO-GlcNAcylation of proteins is a common post-transla-

tional modification but one that is severely underappreciated
and poorly understood.O-GlcNAcylation is nearly as common
as phosphorylation and in many cases is found in a reciprocal
relationship with phosphorylation on those same serine/threo-
nine residues. This mutual exclusivity is likely the source of
regulation, switching proteins between phosphorylated and
O-GlcNAcylated species.O-GlcNAc addition to serine or thre-
onine residues is catalyzed by O-GlcNAc-transferase (OGT)
and UDP-GlcNAc, and its removal is catalyzed by �-N-acetyl-
glucosaminidase (OGA). UDP-GlcNAc is synthesized by the
hexosamine biosynthetic pathway using fructose 6-phosphate
as the starting sugar compound (6). That O-GlcNAc is pro-
duced by an influx of glucose and is actively added to and
removed from proteins suggests an intriguing relationship
between nutrient state and the proteome (6, 7).
We previously showed that both OGT and OGA activities

were required for transcription in vitro using HeLa nuclear
extracts and that inhibition of O-GlcNAc addition or removal
resulted in a defect in PIC assembly (5). Serine-to-alanine
mutations suggested that serine residues 5 and 7 of the CTD
were O-GlcNAcylated, and an O-GlcNAcylated CTD could
block phosphorylation by TFIIH, suggesting that these are
mutually exclusive modifications (5, 8). In vivo, OGT shRNA
reduced transcription, O-GlcNAcylation, and pol II promoter
occupancy (5). These data suggested that O-GlcNAcylation
played a role in transcription, but it was not clear what role, if
any, O-GlcNAcylated pol II played in this process.
Here we explored further the nature of the PIC defect we

reported previously (5). We found that OGT inhibition blocks
not only the O-GlcNAcylation of pol II but also prevents pol II
entry into the PIC. Furthermore, GlcNAc removal frompol II is
an ATP-dependent step during initiation of transcription.
Lastly, we provide the first mass spectrometry analysis of an
O-GlcNAcylationCTD and show that the CTD serine 5 residue
is O-GlcNAcylated by OGT. These data formulate a model of
O-GlcNAc-dependent transcription initiation and provide evi-
dence thatO-GlcNAcylated pol II is a functional species at pro-
moters. Overall, these data support the idea that regulation of
O-GlcNAcylation occurs as part of the transcriptional process
in humans.
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Materials and Methods

In Vitro PIC Assays—PICs were formed by adding nuclear
extract, BC buffer (20 mM Tris, pH 7.9 at 4 °C, 10% glycerol, 0.2
mM EDTA, 0.2 mM DTT, 100 mM KCl) containing 100 mM KCl
(BC100), 2 �g of Escherichia coli DNA to E3 promoter DNA
immobilized onM280 Dynabeads that were blocked for 30min
using 100 mg/ml BSA in BC100 (5). PICs were incubated as
indicated with 0.1 mM STO45849 or DMSO (0.5 �l of 10 mM

STO45849 stock in DMSO or 0.5 �l of DMSO control) or 3mM

PUGNAc. For the wheat germ agglutinin affinity purification
assays, assembled PICs on the adenovirus E3 promoter were
washed in BC100, 0.05%Nonidet P-40 and elutedwith 100�l of
BCbuffer containing 500mMKCl (BC500). Thiswas diluted 2�
with H2O and incubated for 1 h at room temperature with the
equivalent of 20 �l of WGA-agarose slurry (Vector Laborato-
ries) or for 1 h with 1 �l of 8WG16mAb (Covance) and protein
G beads (Roche Applied Science). STO45849 was obtained
from TimTec.
PICs using the CMV promoter were formed as above but in

the absence of E. coliDNA. 100 ng of CMVpromoter DNAwas
bound toM280 beads as described previously (9).WGA affinity
purification assays and 8WG16 immunoprecipitations were as
described above. Western blotting using 8WG16 and 110.6
were as described previously (5). To detectO-GlcNAcylated pol
II using 110.6 Western blotting (Fig. 1D, right panel), the PIC
assay used 400 ng of DNA template.
For nucleotide additions, all concentrations were 0.5 mM

final. PICs were washed with BC100, 0.05% Nonidet P-40, and
then boundmaterial was eluted with BC500.WGA assays were
done as above; IPs and blotting were done using 8WG16 anti-
body (Covance) or anti-MED6 (Santa Cruz Biotechnology). IPs
were washed with BC100, 0.05% Nonidet P-40 and eluted with
sample buffer, subjected to SDS-PAGE, and transferred to
nitrocellulose for Western blotting.
Liquid Chromatography-Tandem Mass Spectrometry (LC-

MS/MS) and Data Analysis—OGT labeling of GST-CTD was
done as described (5). GST-CTD fusions containing CTD
repeats 27–52 were digested with a 1:50 trypsin:substrate ratio
at 37 °C for 3 h. Peptides were desalted and analyzed as
described previously (16) except the 90-min LC gradient only
reached 20% acetonitrile. Data were searched using Protein
Prospector v 5.10.0. against the Swiss-Prot database (March 21,
2012) where all 535,248 entries, including the user-added pro-
tein, GST-CTD amino acid sequence, was searched. Manual
inspection for 204.087 m/z detection in higher energy colli-
sional dissociation spectra was used to identify N-acetylgluco-
samine-modified peptides. In these instances, data were inter-
preted manually.

Results

Pol II� Resides at Promoters in Vitro—Our previous work
showed that both OGT and OGA were functionally necessary
for PIC formation on promoters and that pol II was
O-GlcNAcylated in nuclear extracts (pol II�) (5). These find-
ings raised the question of whether pol II� is physically associ-
ated with the promoter. To address this question, we formed
PICs in the presence or absence of the OGT inhibitor

STO45849 or the OGA inhibitor PUGNAc on the adenovirus
E3 promoter bound tomagnetic beads (10, 11).We eluted PICs
with 500 mM KCl (to disrupt PIC-DNA and protein-protein
interactions within the PIC) and mixed the eluate with WGA-
agarose beads to isolate O-GlcNAcylated proteins from the
PICs. WGA-bound proteins were eluted in sample buffer and
analyzed byWestern blotting for pol II (Fig. 1A).We found that
pol II� was in the PIC but that STO45849 largely blocked
recruitment of pol II� during PIC assembly. In contrast, the pol
II remained O-GlcNAcylated after PUGNAc treatment.
We next asked whether total pol II recruitment to the PIC

was affected by STO45849, and we found significant losses of
pol II on the E3 promoter after treatment (Fig. 1, B and C). In
contrast, the addition of the OGA inhibitor PUGNAc did not
affect total pol II recruitment to the PIC (Fig. 1B). These exper-
iments show that OGT activity is necessary for the optimal
recruitment of pol II to the promoter.
We next asked whether other promoters might also contain

pol II�. We chose to analyze the CMV immediate early pro-
moter as conditions for its activity have been worked out pre-
viously (12).We compared levels of pol II� and total pol II in the
PIC in the presence and absence of STO45849 using the WGA
and pol II IP/Western blotting assays in Fig. 1, A and B. WGA
failed to bind any pol II after treatment of the PIC with
STO45849, indicating that pol II� synthesis had been blocked
(Fig. 1D, left panel). Additionally, there was no pol II present in
the PICs after STO45849 treatment as determined by immuno-
precipitating and detecting pol II with a pol II antibody, indi-
cating that, as with the E3 promoter, total pol II recruitment
into the PIC was blocked (Fig. 1D,middle panel).
To more accurately determine whether pol II� was in the

PIC, we immunoprecipitated pol II eluted from the PIC in
BC500 and then asked whether anti-GlcNAcWestern blotting
would detect a signal where pol II migrated. This would elimi-
nate any possibilities that the WGA experiments are purifying
pol II indirectly via anotherO-GlcNAcylated protein (although
our dissociation of the PIC in 500mMKCl likely precludes this).
Importantly, we found that the pol II IP contains a
O-GlcNAcylated species that comigrates with pol II. This spe-
cies was in the untreated PICs but was absent from the
STO45849-treated PICs (Fig. 1D, right panel). This experiment
shows that pol II� is a component of the PIC and that it is
formed during PIC formation.
We then asked whether removal of O-GlcNAc from pol II

occurred during transcription. Thismight be expected if pol II�
is an active species in the PIC because CTD serine 5 residues
must be available for phosphorylation by TFIIH, and previous
experiments have indicated that O-GlcNAcylation of the CTD
reduced its phosphorylation by TFIIH (5, 8). Also, the elongat-
ing species of pol II, pol IIO, is not O-GlcNAcylated (4), which
again suggests that GlcNAc is removed from the CTD at
initiation.
We formed PICs and then added NTPs to initiate transcrip-

tion, eluted the PICs with 500 mM KCl, and assayed for
O-GlcNAcylated pol II (WGA assay) and total pol II (pol II IP).
The addition of NTPs significantly reduced the amount of pol
II� on the PIC, consistent with pol II promoter escape and
GlcNAc removal during that phase of transcription (Fig. 2A).
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Similar results were obtained adding only rGAC, which allows
elongation to approximately �10 (Fig. 2A). Additionally, ATP
by itself stimulated removal of O-GlcNAc, whereas the nonhy-
drolyzable ATP analog AMP-PNP did not (Fig. 2B, lanes 2 and
3). In no case did we observe a significant loss of total pol II
(bottom panels). As a another control, although Mediator
also bound to the WGA resin, indicating that it was
O-GlcNAcylated, we did not observe any loss inMediator from
promoters upon NTP addition, indicating that it is not subject
to OGA activity (Fig. 2B). The Mediator control is important
because theMediator complex can associate directly with pol II
(13), and several Mediator subunits are O-GlcNAcylated (14).
This experiment suggests that it is specifically pol II that is
undergoing GlcNAc removal. These experiments confirm that
the pol II� is a promoter-localized species of pol II and suggest
that the pol II� is an active species of pol II and that the
O-GlcNAc modification is specifically removed from the CTD
upon initiation of transcription.
OGT Modifies Serine Residues 2 and 5 of the RNA Pol II

CTD—OGT modifies serine and threonine residues (6). There
are four such potential residues in the CTD repeat
(Y1S2P3T4S5P6S7): serine residues 2, 5, and 7 and threonine 4.
Analysis of calf thymus pol II by Edman degradation found that
both Thr4 and Ser5 were O-GlcNAcylated (4). However, serine
residues are particularly labile in Edman reactions (15), which
may have thus underrepresented serine 5 O-GlcNAcylation.
Serine-to-alanine substitution experiments in vitro suggested
that serine residues 5 and 7 are modified by OGT; the T4A
mutant did not show any reduction in O-GlcNAcylation (5).

FIGURE 1. O-GlcNAcylated pol II localizes to promoters in vitro. A, WGA analysis for detection of pol II� in PIC. PICs on the adenovirus E3 promoter were
formed for 30 min in the presence or absence of the indicated inhibitor or DMSO control, washed in 100 mM KCl, and then eluted with 500 mM KCl.
O-GlcNAcylated proteinswere purifiedwithWGA resin and analyzed byWestern blotting for pol II Rpb1 subunit/8WG16 antibody (WGA/pol II WB). The bottom
panel shows the amount of input pol II in the nuclear extract added to the PICs. B, analysis of total pol II content in PIC assays in the presence of STO45849 or
PUGNAc. PICs were assembled andwashed in BC100, 0.05%Nonidet P-40, and pol II was eluted from the PIC in sample buffer, separated by 4–12% SDS-PAGE,
transferred to nitrocellulose, and analyzed by Western blotting with the 8WG16 anti-pol II antibody. C, total pol II in the PIC is reduced by OGT inhibitor
STO4584. PICs were assembled for 30 min with either STO45849 in DMSO or DMSO alone; then washed in BC100, 0.05% Nonidet P-40; eluted in BC500; and
immunoprecipitated with 8WG16 anti-pol II antibody. IPs were subjected to SDS-PAGE, transferred to nitrocellulose, and probed with 8WG16. The bottom
panel shows equivalent amounts of input nuclear extract added to the PICs as assayedbyWestern blotting for pol II.D, analysis ofO-GlcNAcylated and total pol
II in the PICs formed on the human CMV immediate early promoter. PICs were formed on the CMV promoter in the presence or absence of STO45849 (STO4).
PICs were eluted in BC500. O-GlcNAcylated proteins were collected on WGA resin, washed, and loaded for SDS-PAGE. Western blots were probed using the
anti-pol II antibody 8WG16 (lanes 1 and 2,WGA/Pol II WB). Total pol II was determined by immunoprecipitating and blotting with 8WG16 (lanes 3 and 4, Pol II
IP/Pol II WB). 20% of nuclear extract input is also shown (lanes 5 and 6, Input; note that the input represents the amount of nuclear extract (NE) added to either
the control or STO45849-containing assay tube). O-GlcNAcylated pol II was detected by pol II IP, SDS-PAGE, and subsequent Western blotting using the
anti-O-GlcNAc antibody 110.6 (right panel, Pol II IP/Anti-O-GlcNAc WB). Data shown are representative of two to three experiments.

FIGURE 2. O-GlcNAc is removed from pol II upon initiation of transcrip-
tion.A, additionofNTPsor rGACpromotes removal ofGlcNAc frompol II. PICs
were formed as in Fig. 1A. Transcriptionwas initiated using either NTPs or the
three ribonucleotides rGAC. PICs were washed in BC100, 0.05%Nonidet P-40
and then eluted in BC buffer containing 500 mM KCl (BC500). The BC500 elu-
ate was diluted 1:1 with BC buffer and incubated with WGA-agarose beads.
Total pol II was isolated from a duplicate PIC by eluting in BC500. The eluate
was then immunoprecipitatedwith 8WG16. IPs were eluted in sample buffer,
subjected to SDS-PAGE, and transferred to nitrocellulose. Pol II was detected
by Western blotting (WB) with 8WG16 anti-CTD antibody. The figure was
assembled from the same Western blots. B, ATP stimulates GlcNAc removal
from pol II. PICs were formed using the E3 promoter as described above, and
the indicated nucleotides were added. PICs were washed (BC100, Nonidet
P-40) and eluted in BC500. The BC500 eluate was mixed with WGA-agarose
beads to purify O-GlcNAcylated proteins. WGA-bound material was eluted
with sample buffer, separated by 4–12% SDS-PAGE, transferred to nitrocellu-
lose, and analyzed by Western blotting with anti-pol II or -MED6 antibodies.
Data shown are representative of two to three experiments.
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The potential indirectness of our alanine mutant analysis and
the observed differences between native calf thymus pol II and
recombinant CTD substrate required that we pursue this
further.
The main difficulty in interrogating the pol II CTD by mass

spectrometry is a lack of proteolytic cleavage sites in the first 26
repeats. We thus focused on analysis of human repeats 27–52
where the lysine residues serve as trypsin cleavage sites. We
treated recombinant GST-CTD protein, containing human
repeats 27–52, with recombinant OGT and UDP-GlcNAc (Fig.
3A) and then performed LC-MS/MS analysis (16). Collisional
activation and electron transfer dissociation MS/MS of GST-
CTD tryptic peptides showed O-GlcNAcylation of serine 5 in
CTD repeat 34, indicating that serine 5 is a direct target ofOGT
(Fig. 3B). In contrast, we did not observe anyO-GlcNAcylation
of Thr4 in vitro. These data suggest that the previously observed
block to TFIIH-dependent phosphorylation of the serine 5 res-
idue of the pol II CTD (5, 8) is due toO-GlcNAcylation of serine
5. Additionally, we noted, unexpectedly, that the serine 2 resi-
due of the 44th CTD repeat was O-GlcNAcylated (Fig. 3C). A
serine 2 modification was not predicted from the original calf
thymus pol II analysis. However, as noted previously, serine

residues are particularly labile in Edman degradation reactions
(15, 17).

Discussion

The Pol II� Model of PIC Formation—The model for pol II
species involved in PIC formation, initiation, and elongation
was developed through the late 1980s and early 1990s. In sys-
tems containing purified human factors, pol IIA preferentially
formed PICs as compared with pol IIO (3). An evenmore strik-
ing result was obtained with partially purified fractions from a
whole cell extract that were devoid of pol II. The subsequent
addition of calf thymus pol IIA or pol IIO clearly showed reten-
tion of pol IIA but not pol IIO in PICs that were transcription-
ally active (2). One criticism of the pol IIAmodel is that the calf
thymus pol IIA was likelyO-GlcNAcylated as well (4), and thus
it is ambiguous as to which pol II species are compatible with
PIC formation.
In contrast, in highly purified systems using recombinant

general transcription factors and native pol II, no difference
between pol IIA and O was seen in abortive initiation assays
(18). Because these systems lack OGT, OGA, or UDP-GlcNAc,
it is likely that they do not functionally distinguish among A, O,

FIGURE 3. CTD O-GlcNAcylation occurs on serine residues 2 and 5. A, GST fused to the C-terminal nonconsensus half of human CTD (lane 1) was
O-GlcNAcylated using recombinant OGT and UDP-GlcNAc (lane 2).O-GlcNAc was detected byWestern blotting (WB) using the 110.6 anti-O-GlcNAc antibody.
Equal loading of GST-CTD in both lanes was confirmed by a duplicate blot using the CTD antibody 8WG16. B and C, electron transfer dissociation (ETD) mass
spectra GST-CTD repeats 34 (B) and 44 (C) modified byN-acetylglucosamine (HexNAc) at serine 5 (B) or serine 2 (C). The inset labeled “HCD zoom” indicates the
detection with high mass accuracy of the GlcNAc oxonium ion and fragments thereof (denoted by *) by higher energy collisional dissociation of the same
precursor ion. b.p., base peak.MH refers to precursor mass.� indicates co-isolated contaminating ion.
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and� species. In contrast, crude in vitro systems contain factors
that distinguish between pol IIA and pol IIO (2), and Dignam-
based (23) crude nuclear extract systems are O-GlcNAc-
dependent (5).
Our data herein offer evidence that pol II� is a promoter-

specific species of pol II. We have detected pol II� on PICs
formed with crude nuclear extracts that are OGT- and OGA-
dependent transcription systems (5). These experiments also
show a requirement for OGT in PIC assembly and recruitment
of pol II as anOGT inhibitor blocks the formation of pol II� and
reduces the amount of pol II in the PIC (Fig. 1). This result is
supported by OGT shRNA data showing reductions in pol II
promoter occupancy in vivo (5). Furthermore, the addition of
ATP (or NTPs) shows that the removal of GlcNAc from pol II
occurs concomitantly with the initiation of transcription as
would be expected for a pol II participating in initiation and
elongation. Note that our use of OGT andOGA inhibitors does
not comment on what proteins in the PIC, other than pol II, are
substrates for these enzymes. It would not be surprising if other
PIC components are O-GlcNAcylated.
Our data suggest either that non-GlcNAcylated pol II asso-

ciates with the promoter and is O-GlcNAcylated by OGT dur-
ing PIC assembly to form pol II� or that pol II is recruited to the
PIC as pol II� (Fig. 4). Based on the stable association of pol II�
with the PIC, we suggest that pol II�, not the unmodified pol II,
represents the final pol II species in the assembly of the PIC (Fig.
4). In principle, unmodified pol II (pol IIU) exists in either case
as previous experiments indicate that GlcNAc must be
removed for phosphorylation to occur. The only question is
whether pol IIU exists transiently or stably. Thereafter, OGA is
activated by an ATP-dependent step during initiation, catalyz-
ing GlcNAc removal and permitting subsequent CTD phos-
phorylation (Figs. 1, 2, and 4). However, we cannot exclude the
possibility that there are OGT-dependent and -independent

pathways of PIC formation. In addition, the lack of complete
removal of GlcNAc suggests that it may continue to exist on an
elongating pol II.
O-GlcNAcylation of CTD Serine Residues 2 and 5—Previous

Edman degradation data showed both Thr4 and Ser5

O-GlcNAcylation in calf thymus pol II (4). Furthermore, a
GlcNAcylated CTD is refractory to TFIIH phosphorylation (5,
8). Lastly, CTD alanine substitutions did not show a require-
ment for Thr4 in a Thr-to-Ala mutant but did show a require-
ment for Ser5 in reactions using recombinant human OGT (5).
MS analysis found that serine 5 was in fact O-GlcNAcylated
(Fig. 3). Our conclusion then is that serine 5 can bemodified by
either TFIIH or OGT. These experiments all suggest that
O-GlcNAcylation of serine 5 can regulate the amount of phos-
phorylation of serine 5. We also found the first evidence that
serine 2 residues can be O-GlcNAcylated. This suggests that
both serine 2 and 5O-GlcNAcylations are regulated events dur-
ing the initiation and elongation processes and may affect
TFIIH and PTEFb (positive transcriptional elongation factor b
phosphorylation) of the CTD. It is reasonable to suggest that
these O-GlcNAcylations prevent premature or aberrant phos-
phorylations of the CTD or even serve to regulate those phos-
phorylations during the transcription cycle. Further experi-
mentation is required to examine the causal effects of these
O-GlcNAcylations. Additionally, techniques must be invented
to access the distribution of O-GlcNAcylated residues in the
N-terminal half of the human CTD, which is refractory tomass
spectrometry.
In vivo, mutational analysis of the CTD to determine func-

tional consequences of lack of O-GlcNAcylation is of limited
use. For example, because serine 5 is both phosphorylated and
O-GlcNAcylated, a mutated serine would represent two
defects, a loss of both phosphorylation and O-GlcNAcylation,
and thus it would be impossible to assign any functional conse-
quences to the absence of one modification versus the other.
Additional Functions of Pol II�—The discovery of pol II� in

the PIC indicates the existence of another level of regulation in
the PIC mediated by O-GlcNAc cycling. We hypothesize sev-
eral functions of pol II�. First, theO-GlcNAcylation of the CTD
is necessary for pol II entry into the PIC. Second, CTD
O-GlcNAcylation might also serve to prevent or promote fac-
tors binding to the CTD or may prevent premature, aberrant
CTD phosphorylation. Lastly, the hydrolysis of UDP-GlcNAc,
which is a high energy donor, may make free energy contribu-
tions (similar to ATP hydrolysis (19)) to promote kinetic steps
in PIC formation (Fig. 4).
Summary—The existence of pol II� on promoters and the

transcriptional requirement for O-GlcNAc and its cycling are
both unexpected and outside the paradigms of transcriptional
regulation. Our work sheds new light on the mechanism and
regulation of transcription by RNA polymerase II; suggests a
more physiological definition of a PIC; and draws direct con-
nections between the cellular nutrient state, RNA polymerase
II function, and genome-wide transcriptional regulation in
diseases such as cancer and diabetes where elevated
O-GlcNAcylation is part of a transformed and insulin resis-
tance phenotype (6, 20).

FIGURE 4.Model of RNA polymerase II modification during PIC formation
and transcription initiation. Ourwork herein suggests that pol II� is at least
oneof the final species of pol II that is stably associatedwith a PIC.Wehypoth-
esize a model where pol IIU associates with the promoter and is
O-GlcNAcylated by OGT during PIC assembly to form pol II� (because OGT is
in the PIC (5)). Then pol II� becomes a target of regulation of initiation events
where GlcNAcmust be removed for subsequent CTD phosphorylation (Fig. 2
andRef. 21). Transcription initiation commenceswith several ATP-dependent
steps: the activation of OGA, the ERCC3 helicase, and CDK7 kinase subunits
within TFIIH (22). OGA then removes GlcNAc from the pol II CTD, permitting
CDK7 phosphorylation of serine 5 in the CTD. The data and model also sug-
gest that there are several distinct kinetic steps during PIC formation defined
byOGT andOGA activity. In thismodel, pol IIA is likely amixture of pol IIU and
pol II� as shown previously (4).
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