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The Major Histocompatibility Complex (MHC) class II transactivator (CIITA) mediates activated immune
responses and its deficiency results in the Type II Bare Lymphocyte Syndrome. CIITA is a transcriptional co-
activator that regulatesγ-interferon-activated transcription ofMHC class I and class II genes. It is also a functional
homolog of TAF1, a component of the general transcription factor complex TFIID. TAF1 and CIITA both possess
intrinsic acetyltransferase (AT) activity that is required for transcription initiation. In response to induction by
γ-interferon, CIITA and it's AT activity bypass the requirement for TAF1 AT activity. TAF1 also has kinase activity
that is essential for its function. However, no similar activity has been identified for CIITA thus far.
Here we report that CIITA, like TAF1, is a serine–threonine kinase. Its substrate specificity parallels, but does not
duplicate, that of TAF1 in phosphorylating the TFIID component TAF7, the RAP74 subunit of the general transcrip-
tion factor TFIIF and histone H2B. Like TAF1, CIITA autophosphorylates, affecting its interaction with TAF7. Addi-
tionally, CIITA phosphorylates histone H2B at Ser36, a target of TAF1 that is required for transcription during cell
cycle progression and stress response. However, unlike TAF1, CIITA also phosphorylates all the other histones.
The identification of this novel kinase activity of CIITA further clarifies its role as a functional homolog of TAF1
which may operate during stress and γ-IFN activated MHC gene transcription.

Published by Elsevier B.V.

1. Introduction

The Major Histocompatibility Complex (MHC) class I and II mole-
cules are cell surface glycoproteins that bind and present intracellular-
derived peptide antigens. Aberrant expression ofMHCgenes is associat-
ed with autoimmune diseases and tumorigenesis [1,2]. The loss of
expression of MHC class II in Type II Bare Lymphocyte Syndrome
(BLS) has been linked to the loss of expression of theMHC transactivator
CIITA, a 135 kD protein characterized as the master regulator of MHC
gene expression. Exogenous CIITA has been shown to restore class II ex-
pression in class II-depleted cells, such as those of Type II BLS patients
[3,4]. Like MHC class II, CIITA is constitutively expressed only in antigen
presenting cells, where it regulates expression of both class I and class
II genes. However, in other cell types, CIITA expression can be induced
by γ-IFN [5].

Interferon induction of CIITA leads to both de novo activation ofMHC
class II transcription and increased transcription of the constitutively
expressed MHC class I gene. CIITA functions both as a coactivator and
transcription factor. As a coactivator, CIITA nucleates an enhanceosome
complexwhichbinds to upstreamenhancer elements in bothMHCclass
I and class II genes [6]. As a transcription factor, CIITA interacts with

components of the general transcription factor complex, TFIID [7]. The
assembly of the transcription pre-initiation complex is nucleated by
the association of TFIID with core promoters, followed by the recruit-
ment of the remaining general transcription factors, RNA polymerase
II and elongation factors. The TFIID complex consists of the TATA bind-
ing protein (TBP) and several transcription-associated factors (TAFs).
Among the TAFs, only the largest, TAF1, has enzymatic activity. It has
both acetyltransferase (AT) and kinase activities [8,9]. The AT activity
is required for initiation of basalMHC class I transcription [10]. Constitu-
tiveMHC class I transcription, in the absence of interferon, is dependent
on this canonical TFIID. In the presence of interferon, CIITA is induced
and interacts with TBP and a number of TAFs including TAF7, TAF6
and TAF9, suggesting that it forms a TFIID-like complex [7]. Like TAF1,
CIITA has AT activity, which during interferon activated transcription
functionally replaces TAF1 AT activity, bypassing the requirement for
TAF1 [11]. Thus, both TAF1 and CIITA are involved inMHC transcription:
TAF1 during constitutive expression of MHC class I and CIITA during
interferon-activated expression of both MHC class I and class II.

The AT activities of CIITA and TAF1 are regulated by TAF7, which
binds to both and inhibits their acetyltransferase activity [12,13]. Thus,
TAF7 inhibits transcription initiation until the transcription pre-
initiation complex is fully assembled. Autophosphorylation of TAF1 re-
sults in the release TAF7 from the TFIID complex, revealing the TAF1
AT activity and allowing transcription to initiate [14]. Although TAF7
also binds and inhibits CIITA AT activity, the mechanism involved in
its release from CIITA has not been identified thus far. We therefore
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investigated whether CIITA, like TAF1, has kinase activity that regulates
its interaction with TAF7.

Here we report that CIITA has intrinsic kinase activity, allowing it to
both auto- and trans-phosphorylate. Our data suggests that CIITA is an
atypical serine/threonine kinase which can utilize both ATP and GTP
as phosphate donors. CIITA phosphorylates TAF7, TFIIF and histone
H2B, all of which are known TAF1 substrates. Although sharing the
same substrates, CIITA and TAF1 phosphorylate different sites on
TAF7. Importantly, like TAF1, CIITA's ability to autophosphorylate regu-
lates its interactionwith TAF7.We propose that the kinase activity asso-
ciated with CIITA serves a function similar to that of TAF1, in which it
regulates TAF7 binding, release and thus MHC transcription initiation.

2. Materials and methods

2.1. Cell lines and culture—Drosophila

Sf9 cells were maintained in TNM-FH insect medium (Pharmingen)
at 27 °C. HeLa and CHO cells were grown as described previously [13].

2.2. Plasmid constructs

Full-length FLAG-WT CIITA in the baculovirus transfer vector
pVL1393 was as described previously [11]. CIITA mutant AAE and trun-
cation mutant 1–428 in the baculovirus transfer vector pVL1393 were
generated from full-length Flag-WT CIITA with the following primers:
1–428, 5′ TGATCACGGATCAGCCTGAGATGA 3′ and 5′ ATAGCTCTTGCC
CTGACCAGCTTT 3′; AAE, 5′ AGGCCGAGAGCTATTGGGCTGG 3′ and 5′
GACCAGCTTTGGCCAGCACAGC 3′, and the PfuUltra high-fidelity DNA
polymerase (IDT). The full-length WT CIITA in the mammalian pCDNA
vector used here has been described previously [11]. The TAF7 WT
and mutants in the pET and pGEX bacterial expression vectors have
also been described previously [14] The CIITA 700–1130 mutant was a
kind gift from Dr. Jenny Ting, University of North Carolina, Chapel Hill,
NC.

2.3. Protein purification

Flag-tagged full-length and mutant CIITA proteins were expressed
and purified in Sf9 cells as described previously [13] with minor
changes. Briefly, Sf9 cells were harvested 32–40 h after infection with
recombinant baculovirus for optimal protein expression. Uninfected
Sf9 cells, harvested and subjected to the same purification steps as the
infected Sf9 cells, were used to generate control extract. HeLa cells
were transfectedwith the CIITA pcDNA constructs through Lipofectamine
(Invitrogen) mediated transfection and harvested after 48 h. The recom-
binant proteins were immunoprecipitated with anti-FLAG M2-agarose
beads (Sigma) and eluted using 100 μg/ml FLAGpeptide. The Flag peptide
was eliminated on amicrocon column (Millipore) and proteins recovered
in HKEG buffer (20 mM Hepes, pH 7.9, 100 mM KCl, 0.2 mM EDTA, 20%
vol/vol glycerol).

Flag- and GST-tagged TAF7 were purified from a bacterial expres-
sion system as described previously [14]. Highly purified (N99%)
human histone substrates were obtained from New England Biolabs
as recombinant proteins expressed in Escherichia coli; their purity
was confirmed by the company by mass spectrometry analysis (ESI-
TOF MS) and peptide sequencing. Similarly, TBP, TFIIB, TFIIE and TFIIF
recombinant protein/complexes expressed and purified from E. coli,
with purity confirmed at N95%, were purchased from ProteinOne.

2.4. Immunoprecipitation and immunoblots

TAF7 binding to CIITA was detected by immobilizing equimolar
amounts (1 μg) of unphosphorylated and auto-phosphorylated CIITA
proteins on anti-Flag M2 agarose beads and incubating with 300 ng of
GST-TAF7 for 2 h at 4 °C. The beads were washed twice with 50 mM

Tris (pH 8.0), 150 mM NaCl, and 0.2% NP-40 and bound GST-TAF7 was
immunoblotted with anti-TAF7 antibody. All immunoblot analyses
were performed using the Odyssey infrared scanner and secondary
antibodies from Li-Cor. The TAF7 antibody (Abcam), CIITA polyclonal
antibody (Santa Cruz Biotech), M2 Flag antibody (Sigma), Histone H2B
and Phos-S36 H2B antibodies (ECM Biosciences) were used in these
analyses.

2.5. Kinase assays

FLAG-CIITA (1 μg) or control extract and protein substrates were in-
cubated in kinase buffer (50 mM, Tris–HCL (pH7.5), 5 mM DTT, 5 mM
MnCl2, 5 mM MgCL2) in the presence of 10 μCi of [γ-32P]ATP or [γ-32P]
GTP and phosphatase inhibitors. The kinase reactions were incubat-
ed for 1 h at 30 °C, following which the proteins were resolved by
SDS-PAGE and the extent of phosphorylation quantitated by a
phosphorimager. Equimolar concentrations of all proteins were
used in the kinase assays unless otherwise indicated. When kinase
inhibitors were used, appropriate dilutions of the inhibitor were
added at the start of the kinase reaction. Mock treated kinase reac-
tions were treated with equivalent volumes of DMSO.

2.6. In-gel kinase assay

The in-gel kinase assays were done as described earlier [15] with
minormodifications. Briefly, three sets of 3 μg purified CIITA and control
cell extract (CE)were runon a 6% SDS-PAGE gelwhichwas then cut into
strips with one set of proteins each. One set was denatured with 6 M
guanidine hydrochloride for 1.5 h and renatured for 16 h, following
which the gel strip was soaked in kinase buffer supplemented with
20 Ci/ml γ32P ATP for 1.5 h. The gel was washed stringently for 1 h
with 1% SDS in the final wash, dried, and phosphorylated proteins de-
tected by a phosphorimager. The autoradiograph was aligned with the
other two gel strips with Flag-CIITA and CE that was silver stained or
immunoblotted with anti-Flag antibody.

2.7. Histone acetyltransferase (HAT) assays

HAT assays were done as described previously [11]. Reactions were
stopped with SDS sample buffer, proteins resolved on 15% SDS-gels
and fixed overnight. The gels were dried and acetylation quantified by
a phosphorimager.

2.8. Mass spectrometry analysis of CIITA

Purified rCIITA protein was submitted for mass spectrometry to
the NCI Laboratory of Proteomics for identification of contaminating
proteins. Purified rCIITA protein was digested with chymotrypsin
(Roche), in 100 mM Tris, pH 7.8 with 10 mM CaCl2 for 16 h at
25 °C or with ArgC (Roche), in 100 mM Tris, pH 7.6 with 10 mM
CaCl2 for 16 h at 37 °C. Digested samples were desalted by C18
ZipTip (Millipore), lyophilized and re-suspended in 16 μL of 0.1%
formic acid for LC–MS analysis. 6 μL sample was loaded on an Easy
nLC II nano-capillary HPLC system (Thermo Scientific) with a
10 cm integrated μRPLC-electrospray ionization (ESI) emitter columns,
coupled online with a dual-pressure linear ion trap (LTQ Velos Pro)
mass spectrometer (Thermo Scientific) for μRPLC-MS/MS analysis. Pep-
tides were eluted using a linear gradient of 2%mobile phase B (acetoni-
trile with 0.1% formic acid) to 42% mobile phase B within 45 min at a
constant flow rate of 200 nL/min. The fifteen most intense molecular
ions in theMS scanwere sequentially selected for collision-induced dis-
sociation (CID) using a normalized collision energy of 35%. The mass
spectra were acquired at the mass range of m/z 380–2000. The Easy
Nano Spray ion source (Thermo Scientific) capillary voltage and tem-
perature were set at 1.7 kV and 275 °C, respectively. The dynamic ex-
clusion function on the mass spectrometer was enabled during the
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