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Summary

The heterodimeric Spt16-Pob3/DUF/FACT complex is a class of chromatin structure
modulator with important roles in replication and transcription. Although regarded as
transcription elongator for chromatin template, little is known about mammalian FACT’s
mode of action and involvement in other molecular processes. Here, we report the
identification of a novel interacting and functional partner of FACT, Nek9. Nek9 forms a
stable, ~600 kDa complex with FACT in the interphase nuclei. Its active form is characterized
by phosphorylation-dependent electrophoretic mobility shift and phosphorylation at a
conserved residue within the activation loop (Thr,;0). When complexed with FACT, Nek9
exhibits markedly elevated phosphorylation on Thr,jo. Cell cycle analysis on the Nek9fN
cells directly implicated Nek9 in maintaining proper G; and S progression, a role presumably
related to the formation of a phospho-Nek9/FACT complex. Collectively, these observations
provide evidence that Nek9, potentially as an active enzymatic partner of FACT, mediates
certain FACT-associated cellular processes, which are ultimately essential for interphase

progression.




Introduction

The human Spt16 and SSRP1 proteins constitute an abundant, nuclear, heterodimeric
complex called FACT. FACT was initially discovered as chromatin-specific elongation factor
that facilitate transcription of chromatin templates in vitro (1,2). The exact mechanism by
which FACT aids the movement of RNA polymerase II along nucleosomal DNA is not known.
However, FACT has been postulated to, through interacting with histone H2A/H2B dimers,
render intranucleosomal histone connections more flexible (3).

The genes that encode these two FACT polypeptides, and more significantly, the
existence of such stable heterodimeric factor, are highly conserved among eukaryotes.
Homologous heterodimers have been purified and identified from yeast and frog cells. The
Xenopus DUF (DNA unwinding factor) complex is also composed of Spt16 and SSRP1
homologs (4). Unlike the mammalian counterpart, DUF was directly implicated in DNA
replication, as immunodepletion of this complex led to a reduced ability to replicate
exogenously added sperm nuclei or plasmid DNA. However, its ability to alter nucleosomal
DNA structure is conserved (5). Studies on the corresponding Spt16-Pob3 heterodimer in
yeast have provided the most extensive evidence up-to-date on the pleiotropic nature of this
heterodimer as well as its role as a chromatin structure modulator. Mutations in either genes
cause various allele-specific defects in transcription initiation and elongation (6-8), and DNA

replication (9,10). Additionally, conditional mutants exhibit stalled progression in G, and S




phases (10,11), perhaps as indirect consequences of misregulated chromatin processes.
Consistently, genetic and physical interactions were observed between Spt16-Pob3 and a
myriad of transcription or replication proteins, such as transcription elongator Pafl complex
(12,13), HAT complex NuA3 (14), histone deacetylase Rpd3 (9), general transcription factor
TFIIE (15), putative chromatin factors Sanl (16) and Chd1 (13,17), Nhp6 (a HMG protein
that forms the SPN complex with the heterodimer) (9), DNA polymerase o (10,18), and
various DNA replication factors (10,11,18). Collectively, this assortment of observations
directly link FACT/DUF/Spt16-Pob3 to rf:plication and transcription, and more specifically, to
the structural regulation of chromatin, ;s such entity serves as template for both processes.
The existing evidence is consistent with the notion that FACT and homologous
complexes possess a single central activity that is required for the progression of replication
and transcription. However, their roles at multiple steps within these two processes may be
mediated by differential coordination with various factors. The potential existence of such
interaction network is substantiated by the aforementioned group of ySpt16-Pob3-interacting
proteins. Hence, to further delineate human FACT’s role in chromatin-related cellular
processes, our research efforts have been focused on the identification and functional
characterization of its interacting proteins. By generating monoclonal antibodies directed
against SSRP1, and subsequently performing antibody affinity purification, we were able to

isolate FACT-associated protein complexes from HeLa nuclear extracts. One of the




polypeptides identified in such search is the Nek9 protein.

Nek9 (previously termed Nek8) was originally identified as a B-casein kinase that
associates with a putative substrate Bicd2 (19). It was independently identified as a Nek6- and
Ran GTPase-binding protein under a different name, Nerccl (20). Based on the kinase
domain sequence similarity, Nek9 was a recent addition to the NIMA-like kinase (Nek) family,
whose dozen or so members have diverse but relatively unknown functions. In addition to the
N-terminal catalytic domain, Nek9 contains a central, RCC1-like, seven-repeats region,
followed by a coiled-coil domain. Despite the presence of a NLS, previous publications have
reported a cytoplasmic localization of this kinase. Furthermore, Nek9 is putatively involved in
the microtubule dynamics and has been implicated in the regulation of mitotic progression
(20).

Experimental results presented in this report confirm the presence of a nuclear form of
Nek9. One of the major supporting evidence is the in vivo interaction between Nek9 and
FACT, characterization of which was done using biochemical and immunocytochemical
methods. A better mechanistic understanding of Nek9 was achieved by the discovery that,
upon Nek9’s autoactivation in vitro, the activation loop residue Thr,;o was phosphorylated.
We also demonstrated the novel existence of an endogenous phospho-Nek9/FACT complex,
whose formation seems to rise during interphase. Interestingly, cells stably harboring the

Nek9-targeting siRNA exhibited markedly slower progression of G; and S phases. Thus, our




data collectively suggest that Nek9, by virtue of forming an active kinase complex with FACT,
may be involved in FACT-mediated functional pathways, compromise of which would

ultimately lead to impeded interphase progression.

Experimental Procedures

Molecular cloning of the Nek9 cDNA

cDNA library was synthesized from poly(A)" RNA of HeLa cells. The complete open reading
frame containing cDNAs were obtained from this library by PCR using LA Tag DNA
polymerase (TaKaRa) with synthetic primers
5’-CCGCCATGTCGGTGCTGGGCGAGTACGA-3’ (nek9-forward) and
5’-TGGGAACAGACTCCTGTAGACCCAGCCTC-3’ (nek9-reverse, without the stop codon).
The ~3 kbp fragment was subsequently subcloned into TOPO-TA plasmid (PCR 1I, Invitrogen)
for sequence verification and further cloning. C-terminally FLAG-tagged Nek9 was produced
by inserting a NotI-Sall fragment from the above Nek9-TA plasmid into the pPCMV-Tag4A
mammalian expression vector (Stratagene). C-terminal FLAG-tagged Nek9 was also
subcloned into a baculovirus expression vector pVL1393 (PharMingen). For bacterial
expression of recombinant Nek9, two partial coding sequences (NotI-EcoRI and
BamHI-EcoRlI, respectively corresponding to amino acids 1-266 and 291-559) were ligated to

pET-32 prokaryotic expression plasmid (Novagen).




Preparation of recombinant proteins and antibodies

The expression plasmids pVL-Nek9-FLAG, pVL-Nek9-Myc, pVL-Hiss-SSRP1, and
pVL-FLAG-FACT140 were introduced into Sf9 insect cells using a BaculoGold transfection
kit (PharMingen). The recombinant baculoviruses were produced and harvested according to
the manufacturer’s instructions. The Nek9-FLAG protein was purified by anti-FLAG (M2)
immunoaffinity column and eluted with synthetic FLAG peptide (0.5 mg/ml). His-tagged
Nek9s (amino acids 1-266 and 291-559), His-SSRP1, and His-FACT140 were expressed in
BL21 (Lys) cells and purified from the clarified lysates on Ni-NTA agarose (Qiagen)
according to the manufacturer's instructions. Monoclonal antibodies against SSRP1 (2B12,
3E4, 7F8, and 10D1) and FACT140 (8D2) were produced in mice using the respective
recombinant proteins. Anti-Nek9 rabbit antisera, termed aNek9-N and aNek9-M were raised
by independent injections with His-Nek9,.,¢6 and His-Nek929.559, respectively, and
subsequently affinity purified through Nek9-FLAG column. Antisera against phosphorylated
Nek9 activation loop peptide were generated in rabbits using KLH-conjugated phosphorylated
peptides (Nek9206.216: SMAET*LVGTPY, phosphorylated at Thr-210). The antisera from
immunized rabbits were affinity purified successively with bacterial His-Nek9-conjugated
and phosphorylated peptide columns. Both anti-Nek9 and Thr,;0-Nek9 phospho-specific

rabbit antibodies were produced by Dagene (Taiwan).




Immunoprecipitation, and western blot analysis

Cells were rinsed with PBS. Whole cell extracts were obtained using a buffer containing: 20
mM HEPES (pH 7.4), 0.2 M NaCl, 0.5% TX100, 5% glycerol, 1 mM EDTA, 1 mM EGTA,
10 mM B-glycerophosphate, 2 mM Na3;VO,, 1 mM NaF, 1 mM DTT, plus protease inhibitors.
Protein concentration was determined by the Bradford reagent (BioRad).
Immunoprecipitations were done with the indicated antibodies prebound to protein
G-Sepharose (Amersham), and washed in the cell lysis buffer containing 0.3 M NaCl. Similar
conditions apply to the in vitro pull-down assay, in which lysates of Nek9-Myc were
independently incubated with M2 (Sigma) and nickel (Ni-NTA, Qiagen) agarose beads
pre-bound with FLAG-FACT140 and Hise-SSRP1, respectively. Western blot analysis was
performed after electrophoretic separation of polypeptides by 7.5% or 10% SDS-PAGE and
trasfer to Hybond-C membranes. Blots were probed with the indicated primary and
appropriate secondary antibodies, and detected by ECL chemiluminescence (Amersham).
Band signals on x-ray films were quantitatively analyzed by a Fujifilm Luminescent Image

Analyzer LAS-1000plus and the software Image Gauge.

Gel-filtration fractionation

HeLa nuclei was isolated and lysed in nuclear extraction buffer (10 mM HEPES with pH 7.9,




10 mM KCI, 0.1 mM EDTA, 0.1 mM EGTA, 0.1% TX-100, 0.4 M NaCl, 10% glycerol and
protease inhibitors). Nuclear extracts in the amount of 40 mg in a volume of 5 ml were loaded
onto a precalibrated Sephacryl S-400 HR column with a bed volume of 135 ml (Pharmacia).
Gel filtration was done in the same buffer at a flow rate of 0.5 ml/min. Ninety fractions were
collected at 1.5-ml intervals. Upon fractionation, proteins present in each fraction were
precipitated by adding 1/10 volumes of ice-cold 100% TCA. Recovered samples were run on
SDS-PAGE and analyzed by Western blotting using the indicated antibodies. For detection of
FACT-associated complexes, immunoprecipitation was carried out with 10D1 on equal
amounts of the selected fractions. Precipitated polypeptides were electrophoretically separated

and analyzed by Western blotting.

Indirect immunofluorescence and confocal microscopy

All steps of the immunostaining procedure were done at room temperature. HeLa cells were
first washed with PBS twice followed by fixation with fresh 2% paraformaldehyde in PBS for
15 minutes. After brief rinse in PBS, cells were permeabilized with 0.5% Triton X-100 in PBS,
blocked with 1% BSA in PBS, and probed with the indicated primary antibodies. Secondary
antibody incubation was done for 1 h using Alexa 488 conjugated goat anti-rabbit IgG and
Alexa Fluor 594 conjugated goat anti-mouse IgG (Moleular Probes, Inc). To visualize DNA,

cells were counter-stained with DAPI. For detection of DNA replication sites, HeLa cells on




coverslips were pulse labeled with 10 uM BrdU at 37°C  for 30 min. Upon fixation and
permeabilization, cells were subjected sequentially to acid treatment and trypsin enzymetic
digestion before being stained (mouse anti-BrdU, Sigma). Stained cells were analyzed with
the Zeiss LSM-510 inverted confocal laser-scanning microscope, using a 63X/NA 1.4 oil

immersion objective lens.

Cell culture, transfection, and cell cycle synchronization

All HeLa cells were maintained in Dulbecco’s modified Eagle’s medium supplemented with
10% fetal bovine serum and 100 units/ml penicillin and streptomycin. Cells were transfected
using Lipofectamine (GIBCO) according to the manufacturer’s instructions. To establish a
plasmid-based dsRNAI system targeting endogenous Nek9, annealed oligonucleotides
corresponding to partial Nek9 sequence were designed and ligated to the pSilencer 1.0-U6
vector (Ambion) according to the manufacturer’s instructions. The cDNA sequence of the
targeted Nek9 mRNA region is: 5°-GACCATCCGTTCCAATAGC-3’ (nucleotides
2193-2211). The same sequence in the inverted orientation was used as the non-specific
dsRNAI control. Generation of cell lines stably harboring dsSRNAi was done by first
co-transfecting HeLa cells with pcDNA3 plasmid (bearing Neomycin selection gene) and the
ligated pSilencer 1.0-U6 vectors. Positive clones were selected subsequent to a 14-day

culturing in the presence of 1 mg/ml G418, and eventually maintained with 0.2 mg/ml G418.
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For M phase synchronization, subconfluent cells were treated with 200 ng/ml nocodazole

for 10 hours. Mitotic cells were harvested through detachment by mitotic shake-off. Cells

remained on the flasks after shake-off were harvested by trypsionization and regarded as G,

cells. Cells were synchronized at the G,/S boundary by double thymidine block. Subconfluent

culture was blocked with 2 mM thymidine (final) and incubated for 19 hours. Cells were

washed three times with PBS, and then incubated with fresh serum-rich medium for 10 hours.

Subsequently, the second block with 2 mM thymidine lasted for 15 hours, after which the
cells were released by extensive washes with PBS. For determination of active DNA
replication, immediately before harvest at each time point, cells were pulse-labeled with 10
pM BrdUTP for 15 mins. After harvest by trypsinization, cells were fixed with ethanol (70%
final), denatured in 2N HCI for 30 min at 37°C, and subsequently enzymetically treated with
trypsin for 30 min at 37°C. Cell cycle profiles and degree of BrdU labeling were monitored by

FACS.

Colony formation assay

Different clones of both the wild-type and Nek9"™*! cells were seeded into 6-cm diameter
tissue culture dishes at 600 or 1200 cells per dish, in triplicate, and grown in the presence of
100 pg/ml G418. Dishes were incubated for 10-12 days in a humidified incubator at 37°C.

Colonies were subsequently fixed with methanol and stained with 1% crystal violet.
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Fluorescence-activated cell sorting (FACS) analysis

Control and Nek9®™! cells, after being released from the double thymidine block or mitotic
shake-off, were collected by trypsinization at the indicated time points. Cells were washed
and then fixed with 70% ethanol for = 2 h on ice. Cells were stained with DNA staining
solution (100pg/ml propidium iodine, 100pg/ml RNase A, and 0.5% NP-40 in PBS) at room
temperature for 30 min. DNA content was analyzed, based on emissions recorded in the FL-2
channel, from 10,000 cells (events) within the fluorescence gate, using a Beckton Dickinson
Flow Cytometer in conjunction with the CellQuest software. To detect cells actively
undergoing DNA replication, BrdU incorporation was identified using anti-BrdU mAb,
followed by Alexa 488-conjugated secondary antibodies, with emissions recorded in the FL-1
channel. The labeling index is determined by calculating the ratio of the gated BrdU-positive

cells relative to the total events.

Immunocomplex kinase assay

Whole cell extracts were subjected to immunoprecipitation as described above with the
indicated antibodies. Inmunocomplexes were washed extensive with lysis buffer (0.3 M NaCl)
and equilibrated with the kinase buffer (S0 mM Tris at pH 7.4, 5 mM MgCl,, 5 mM MnCl,,

and 1 mM DTT). For autoactivation, immobilized Nek9 or associated complexes were
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incubated in kinase buffer supplemented with 100 uM ATP at 25°C for 20 min. Activation
was stopped by either adding electrophoresis sample buffer, where appropriate, or by washing
the beads in kinase buffer. Subsequently, activity was assayed by incubation at 30°C in kinase
buffer plus 5 uM ATP, 100 uCi/ml [y-32PJATP (Amersham), and 1 pg of histone H1.
Reactions were terminated by adding 4X Laemmli SDS sample buffer and boiling. Denatured

samples were resolved by SDS-PAGE.

Peptide identification by mass spectrometry and bioinformatics analysis

The gel piece containing selected polypeptides was first reduced and pyridylethylated as
described previously (21). Upto 0.2 u g of the enzyme trypsin (Promega) was added to the
dried gel. After overnight incubation, the supernatant was removed and the gel was extracted
twice with adequate amount of 0.1% formic acid. The supernatant and the extracts were
combined together and dried in a Speed-Vac, and re-suspended in 0.1% formic acid
immediately before use. Electrospray mass spectrometry was performed using a Finnigan Mat
LCQ ion trap mass spectrometer interfaced with an ABI 140D HPLC (Perkin-Elmer). A 150 x
0.5 mm PE Brownlee C18 column (Perkin-Elmer) (5 mm particle diameter, 300 A pore size)
with mobile phases of A (0.1% formic acid in water) and B (0.085% formic acid in
acetonitrile) were used. The peptides were eluted using the acetonitrile gradient and analyzed

by “triple-play” experiment as described (21). Data interpretation as well as correlation
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between the spectra and amino acid sequences within a human EST database was done by a
Finnigan Corporation software package, the SEQUEST Browser.

Homology searches were carried out with BLAST (22) and PSI-BLAST (23) against the
PDB (Protein Data Bank). The Nek9 kinase domain and the structure-solved homologues

were aligned with BCM Search Launcher (24). Alignment manipulations were carried out

with Jalview ( http://www.ebi.ac.uk/~michele/ialllview/) apd ESPRIPT (25).

Models were built with MODELLER-6 (26) starting from the alignments shown in
Figure 3A. Models derived from initial alignments were subjected to packing analysis with
PROSA II (27) and stereochemical analysis with PROCHECK. Regions of atypical packing
(positive stretches in the resulting PROSA II profiles) or stereochemical problems were
subjected to alignment adjustments and new models made. The adjustments were either
alignment shifts or changes in the template(s) used for a particular region. Alignment
adjustments resulting in improved models were accepted and new improvements sought until
no more could be obtained. Finally, 10 structures were generated, and the one with the best

objective function was kept.

Results
Identification of Nek9 as a novel associated protein of FACT

To identify the key binding partner for the hSpt16-SSRP1 complex, we undertook the

14




immunoaffinity purification scheme to isolate SSRP1-containing protein complexes from the
cell nuclei. Nuclear extracts were subjected to immunoprecipitation with anti-SSRP1
monoclonal antibodies (clone 10D1). As shown in Figure 1A, the major protein bands of 140
kDa and 90 kDa correspond to hSpt16 and SSRP1, respectively, as confirmed by Western blot
and mass spectrometric analyses (data not shown). Such affinity purification also recovers a
120 kDa polypeptide with approximate stoichiometry to FACT. Subsequent spectrometric
analysis of this band revealed a sequence match of the identified spectra to the coding
sequence of the human Nek9 protein. To further characterize this protein, we generated and
affinity-purified polyclonal antibodies against different parts of Nek9, termed aNek9-M
(spanning amino acids 291-559) and aNek9-N (1-291). Both antibodies specifically recognize
a 120-kDa polypeptide in the HeLa cell extracts as well as in the monoclonal antibody
10D1-targeted immunocomplex (Figure 1B and data not shown). Other anti-SSRP1
monoclonal antibodies, whose approximate epitotpe regions have been mapped using deletion
constructs of SSRP1 (Figure 1B, lower panel), were subjected to immunoprecipitation
experiments as well. Nek9 was also detected in the immunoprecipitates pulled down by 7F8,
but not in those targeted by 3E4 and 2B12, thus indicating its specific association with distinct

FACT complexes (Figure 1B). Additionally, because 10D1 and 7F8 did not cross-react

towards Nek9 immunochemically (Figures 1B, 1F, and data not shown), we excluded the

possibility here that the co-immunoprecipitated Nek9 arose from non-specific
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antibody-epitope binding. While performing a reciprocal co-immunoprecipitation experiment
using the anti-Nek9 antibodies, we were able to identify FACT heterodimers in the aNek9-N
immunocomplex (Figure 1C). Immunoprecipitates targeted by aNek9-M, on the other hand,
did not contain FACT (Figure 4A and data not shown). Such observation suggests that there is
a fraction of Nek9 that is free of FACT in the cells. Altogether, these immunoprecipitation

results demonstrate the unique presence of a FACT/Nek9 protein complex in vivo.

Nek9 interacts with FACT to form a F600-kDa complex
To unequivocally delineate the specific interaction between Nek9 and FACT, we carried
out an in vitro pull-down assay using baculovirus-derived recombinant proteins (Figure 1D).
Myec-tagged Nek9 was found to bind immobilized FLAG-FACT140 (lane 2) and Hise-SSRP1
(lane 4), whereas no interaction between Myc-Nek9 and other similarly tagged proteins was ’
observed (lanes 5 and 6). Interaction of Nek9 with SSRP1 was also verified through
co-infection of respective recombinant baculoviruses followed by co-immunoprecipitation
analyses using the M2 antibody (Figure 1E). ,
Next, in a gel-filtration chromatography (using Sephacryl S-400) of the HeLa nuclear
extracts, Nek9 elutes with a molecular mass of ~600 kDa, which is consistent with previous
observation (20) (Figure 1F). FACT has overlapping but broader distributions in fractions and

appears to exist in higher molecular size protein complexes. To further establish the coelution
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of the FACT and Nek9 polypeptides, antibody 10D1 was used to carry out
immunoprecipitation on selected fractions. Nek9 was found in the FACT-containing
complexes isolated from fractions #20-28, coinciding with the elution profile of endogenous
Nek9. Similar coelution profile was also observed with the 7F8 antibody (data not shown).
Taken together, these results validate the stable association of Nek9 with a distinct FACT
complex in vivo, whose size is around 600 kDa. However, we cannot presently rule out the
possibility of the presence of additional factors in the FACT-Nek9 complexes due to the

larger-than-expected molecular mass for the heterotrimer.

Nek9 and FACT colocalize in the interphase nucleus, are similarly free from condensed
chromatin, but dissociate from each other during chromatin decondensation

The subcellular localization of the endogenous Nek9 protein was determined by indirect
immunofluorescence using the polyclonal antisera directed against Nek9. Results of confocal
microscopic analysis indicate that, consistent with the above biochemical evidence, Nek9
exhibits a nuclear distribution in HeLa cells (Figure 2A, a and b). On the other hand, although
ectopically expressed FLAG-Nek9 distributed predominantly in the nucleus (Figure 2B, a),
we also observed nucleocytoplasmic and cytoplasmic staining in some cells (Figure 2B, b). To
better characterize the nature of the endogenous FACT-Nek9 association, co-localization

experiments were performed simultaneously. In the interphase nuclei, we detected a
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discernible degree of overlap in staining patterns between Nek9 and either component of the
FACT complex (Figure 2A, a and b). On the other hand, the presence of non-merged signals
concurs with the above observation that a fraction of the endogenous Nek9 does not associate
with FACT, and vice versa. In cells that enter mitosis, the immunoreactive signals of Nek9,
FACT140, and SSRP1 become similarly diffused énd entirely excluded from the condensed
chromatin (Figure 2A, c-f; data not shown for FACT140). h1tere_§tingly, a significant
disjunction of anti-Nek9 and anti-FACT staining patterns was observed in post-cytokinetic
cells (Figure 2A, g). FACT seems to reassociate with decondensing chromatin at this point,
whereas Nek9 remains diffused and free from chromatin. However, in post-cytokinetic cells
with less aggregated DAPI-staining, representative of nucleus establishment and interphase
initiation, the localizations of Nek9 and FACT can be seen partially merged again (Figure 2A,
h). Together, these data demonstrate that the subcellular locations of Nek9, as well as FACT,

alter throughout the cell cycle.

The Thr;;o residue locates within the activation loop region of Nek9 and is conserved

among various kinases
Toward a better mechanistic understanding of the catalytic attributes of Nek9, we
performed bioinformatic analysis. Among Nek family proteins, there is extensive sequence

conservation within the kinase domain. In comparison with other unrelated kinase proteins, ,
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residues critical for catalysis and structural folding are also preserved in Nek9 (Figure 3A).
Using existing structural information of selected kinases as templates, 3-dimensional
comparative model of the Nek9 kinase domain has been generated (Figure 3B). The putative
active site is surrounded and formed by the characteristic B-sheets and helix bundle, with the
activation loop located outside the catalytic pocket. Previous study using the peptide substrate
demonstrated that Nek9 was able to phosphorylate in vitro the Thr;o residue within the
activation loop region, thus indicating Nek9’s potential ability to autophosphorylate (19).
Based on the sequence comparison, Nek family members are fairly conserved at this residue
as well as in the surrounding region (Figure 3C). From a structural standpoint, the Thry)o

residue is situated at a rather exposed area that is accessible to modification (Figure 3B).

Upon autoactivation, Nek9 undergoes phosphorylation-dependent electrophoretic
mobility shift and phosphorylation on Thr;;¢

To assess whether phosphorylation indeed occurs on Thr;; as well as the relationship
between such phosphorylation and the kinase activity, we generated polyclonal antibodies that
specifically recognize phsophorylated Thry;o of Nek9. Similar to the previously reported
results on transfected FLAG-Nek9, endogenous, immunoprecipitated Nek9 kinase became
activated (i.e. phosphorylation on histone H1) upon pre-incubation with a high concentration

of ATP (100 pM) (Figure 3D, lane 3). Interestingly, we observed that the majority of Nek9
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underwent electrophoretic mobility shift only at the high ATP concentration. Phosphorylation
on Thr, ;9 accompanies this decrease in mobility, as such slower-moving form was detectable
using the phospho-specific antibody. The specificity of this antibody was revealed by the lack
of immunoreactive signals from the non-shifted species of Nek9 (Figure 3D, lanes 1 and 2).
2
This observation also suggests that phosphorylatiorl at Thry o wa{s absent or at very low level
on the non-activated Nek9 polypeptides. Note that the immunoprecipitates possessed minimal
activity when pre-incubated with no or low ATP, implying a likely requirement of endogenous
Nek9 and its autoactivation for the optimal H1 kinase activity. The 10D1-targeted
FACT-complexed Nek9 had similar enzymatic behaviors upon kinase activation (data not
shown).

The ATP-induced electrophoretic retardation of Nek9 can be attributed to addition of the
phosphate moiety, due to the fact that treatment with alkaline phosphatase following kinase
autoactivation abolished such positional shift on the gel (Figure 3E, lanes 1-3). Consistently,
the accompanying immunoreactivity toward the Thrz;o phospho-specific antibody was also
found directly linked to phosphorylation. Previous reports have demonstrated that the mitotic
form of Nek9 has a retarded electrophoretic mobility. To address the issue of whether the
mitotic and the autoactivated, Thr;;o-phosphorylated form of Nek9 share similar

characteristics, we performed immunoblotting on Nek9 isolated from different cell cycle

phases. We could routinely observe differences in mobility among the in vitro
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autophosphorylated Nek9, mitotic Nek9, and Nek9 isolated from asynchronous culture
(Figure 3E, lanes 4-6). Furthermore, the mitotic Nek9 is not phosphorylated at the Thr,;o
residue (data not shown), additionally implying that these two forms of Nek9 may represent

distinct species.

Phospho-Nek9 associates with FACT in a cell cycle-dependent manner

Next, to examine the possibility that the up-shifted, Thr,;o-phosphorylated form of Nek9
is an endogenous entity, we probed for its presence in the cell extracts. Using the
phospho-specific antibody, we were able to detect a protein band with the mobility and
immunoreactivity characteristic of the activated form of Nek9 (Figure 4A, lane 1). In addition,
this antibody also recognized a band, whose existence was phosphatase-sensitive (data not
shown), in the 10D 1-targeted (Figure 4A, lane 3) and the 7F8-targed (data not shown)
immunocomplexes. Conversely, no phosphorylated form was found present in the
aNek9-M-immunoprecipitates, which are free of FACT (lane 5). These results strongly
support the existence of an active, phsophorylated form of Nek9 as well as a
phospho-Nek9/FACT complex in vivo. This specific and preferential association of the
phosphorylated form of Nek9 with the FACT complex indicates that, in the presence of FACT,
Nek9 may undergo a marked elevation in Thrz;o-phosphorylation.

In an attempt to further characterize the nature of the phospho-Nek9/FACT complex, we
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next inspected whether the level of Thry;o-phosphorylation on FACT-bound Nek9 is regulated
in a cell cycle-dependent manner. FACT complexes at different stages of the cell cycle were
immunoprecipitated and subsequently probed for the Thr,;0-phosphorylated Nek9. As shown
in Figure 4B, there is a constitutive presence of phospho-Nek9 in the FACT
immunocomplexes throughout different phases. 'Ho§vever, the lgvels of association seemed to
rise upon release from the G,/S phase block (lanes 1-4), and undergo detectable reduction in
the M and G; phases (compare lanes 5 and 6). Suqh observed variation potentially reflects an

interphase-specific elevation in the formation of the active, phospho-Nek9/FACT complex.

RNAi-mediated knock-down of Nek9 proteins triggers interphase delay

Next, toward elucidating the cellular roles of Nek9 and further examining its link to
interphase, we undertook a vector-based siRNA approach to abrogate endogenous Nek9
expression in HeLa cells. Successful establishment of indepepdent clones stably harboring
Nek9-interfering dsRNA was confirmed by Western analysis on cell lysate proteins, as shown
in Figure SA. While the level of control protein remained the same, <30% of the endogenous
Nek9 polypeptides were detected in the two Nek9™™Ai clones as compared to the control
clones.

While maintaining the culture of these stable clones, we unexpectedly observed

relatively slower growth of the Nek9®*! cells. To examine this phenotype more closely, we
y g typ
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performed colony formation assay. Independent experiments have demonstrated that, after

9RNA! cells yielded dramatically smaller colonies than the control

two-week culturing, Nek
cells, clearly a consequence of a stalled cell growth (Figure 5B). To further explore the
possible underlying attributes of such retarded proliferation, these stable cells were subjected
to synchronization studies. First, cells were synchronized through nocodazole-mitotic
shake-off treatment. At different time points, cells were collected and DNA content was
determined by FACS analysis. As shown in Figure 6A, the rates of appearance for cells with a
DNA content of 2N (representative of G; phase) were unchanged regardless of the levels of

9RNAI cells seemed to move through the G, phase at a slower

Nek9 proteins. However, the Nek
pace and consequently initiate S phase approximately 3-4 hours later than control cells.

In a separate experiment, double thymidine block was used to monitor cell cycle
progression through the Gy/S point. Results depicted in Figure 6B evidently indicate a delayed
S phase in the Nek9™*' culture. On the other hand, the progression of G,/M phase appeared
normal in this cell line, comparable to the above nocodazole experiment. Similar experiment
was also carried out to quantitatively assess the population of actively replicating cells at
different times upon removal of the block. Cells were pulse-labeled with BrdUTP before
being harvested at the designated time points. The ratio of the BrdU-positive cells, termed the

“labeling index”, represents the population of cells that actively synthesize DNA in a

particular culture. By plotting the changes in the labeling indexes in relation to time, a similar
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trend was observed in which the Nek9®Ai

cells exhibited markedly delayed S phase,
specifically at the onset stage (Figure 6C). Collectively, data from the RNAi experiments

indicates that adequate level of Nek9 is essential for G/S transition and S phase progression.

Discussion

In the present study, we identified Nek9 as a‘novel componént of the FACT-associated
multiprotein complexes, and performed 'ﬁnictionél characterizaﬁon of this protein. Their in
vivo interaction was demonstrated using biochemical as well as cell biological methods. Most
notably, a considerable portion of the endogenous Nek9 polypeptides are stably bound to
FACT, although gel-filtration and immunoprecipitation analyses indicated that the
FACT-Nek9 complex represents only a fraction of the total FACT-associated complexes
population. It is interesting to note that the only presently known human FACT-interacting
proteins are both kinases. Besides Nek9, CK2 was recently found to form an UV-induced,
p53-targeting complex with FACT (28,29). Although both complexes differ physically and
functionally, their existence consistently implicates FACT in the progression of cell cycle (i.e.
interphase), and further supports a potential role of post-translational modification (i.e.
phosphorylation) in FACT-associated processes.

Despite the presence of an NLS in Nek9, previous reports have demonstrated a

cytoplasmic localization of this protein as well as its putative roles related to its subcellular
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location (i.e. regulation of microtubule dynamics and mitosis) (19,20). In this report, we have
provided several lines of experimental evidence supporting the existence of a nuclear
counterpart of the human Nek9 protein: 1) the immunochemical detection of Nek9 in the
nuclear extract preparation; 2) the biochemical demonstration of the stable association of a
large pool of Nek9 polypeptides with the FACT heterodimers, which are primarily nuclear
factors; and 3) the immunocytochemical characterization of Nek9’s nuclear localization and
association with euchromatin (acetyl-histone H3) regions (data not shown).

Our results uncovered a novel functional aspect of Nek9 that is different from previous
reports: the involvement in the progression of interphase. Using Nek9-specific antibody
microinjection in prophase cells, Roig ef al. have observed spindle and chromosome
abnormalities characteristic of misregulated mitosis (20). However, when antibodies were
injected in interphase cells, they failed to enter mitosis, indicative of stalled cell cycle
progression. Such preliminary observation is in agreement with the behaviors of our Nek9RNAi
cells, and further pinpointing an equally important role of Nek9 in the interphase. On the
other hand, based on our synchronization/DNA content analysis on the knock-down cell line,
no delay or abnormal progression of mitosis was detected. It is possible that Nek9’s mitotic
activity would not be compromised unless the protein levels are further diminished below a

critical threshold, or other unknown post-translational regulation is interfered. Interestingly,

results obtained from our cell cycle analysis of the Nek9™VAi cells bear close resemblance to

25




previous mutant phenotypic studies in the yeast Saccharomyces cerevisiae. CDC68, the yeast
counterpart of the human Spt16 gene, was found in a screen for genes required for Start, and
consistently, cells with mutation in this gene (cdc68-1) were conditionally arrested in the G;
stage (10). In an independent study, mutation in POB3, the hom;)logue of SSRP1, was found
to cause delay in S phase onset and progression (11). Correlation among these cell
cycle-related mutant phenotypes directly strengtﬂens the physic')logical relevance of the
FACT-Nek9 interaction. Furthermore, the obseﬁed role in inferbhase may be temporally
related to an increase in Thr,jo-phosphorylation on the FACT-boﬁnd Nek9 (Figure 4B). Based
on these results, we postulate that Nek9, in association with FACT, may be actively involved
in certain important FACT-related functions, cqmpromise of which would ultimately lead to
impeded interphase progression. 1

Results of the colocalization experiments revealed an interesting feature of the formation
of the endogenous FACT-Nek9 complexes: although normally existing as an otherwise stable
complex, FACT-Nek9 briefly separates at the M-G; transi:tion. We performed additional
immunoprecipitation experiments with lysates derived from cells arrested at different cell
cycle phases and found no differences in the co—immunocomi:lex profiles as compared to that
of the asynchronous culture (Figure 4B and data not shown). However, it may be difficult to

detect such absence of complex association due to its transient nature as well as depending on

the lysate extraction condition. Nevertheless, our observation of the divergent localization
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between FACT and Nek9 at the end of mitotis signals a physical, and possibly functional,
separation of the FACT-Nek9 complex at this particular stage. It is also possible that the
formation of such protein complex has a temporal dependence on the establishment of nuclear
envelope and appropriate chromatin state. Furthermore, the novel observation of the cyclic
manner in which FACT becomes excluded from condensed chromatin and then reassociates
with decondensing one is consistent with FACT’s putative mode of action: facilitating the
accessibility of chromatin. Such regulated movement can prevent any untimely loosening of
the condensed chromosomes, which is catastrophic to the mitotic progression.

Our results on the mechanistic characterization of Nek9 provide another example of
enzymatic autoactivation. Although it is currently unclear why the higher-than-physiological
concentration of ATP is required for activation, some of the above characteristics are
reminiscent of some other kinases such as Aurora A kinase and Polo-like kinase Plk-1 (30-32).
Consistent with the previous observations, our results based on the use of the
anti-phospho-Thr;; antibody have demonstrated an important role of the activation loop
structure in the upregulation of kinase. Based on the hypothetical structural model, it is
probable that phosphorylation at the threonine location may lead to negative charge-mediated
structural changes (i.e. catalytic pocket opening), which ultimately are more favorable for
substrate targeting.

Most notably, utilizing the phospho-specific antibody, we have achieved the novel
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finding on the existence of the lower-mobility, Thr;;o-phosphorylated species of Nek9 in vivo.
Due to the extensive kinase domain conservation among the Nek family members, it is
possible that Nek9’s catalytic attributes in vitro and in vivo are widely shared by others. The
presence of the phosphorylated Nek9 in the FACT-associated immunocomplex indicates that a
fraction of the complexed Nek9 remains m a steady-state active form. The finding of the
preferential association of phospho-Nek9 with FACT in vivo provides evidence that
interacting with FACT may render the kinase more active. The possibility of FACT acting as a
non-kinase activator of Nek9 as well as the exact mechanism through which FACT alters
Nek9’s catalytic property await further study.

The complex and multiple roles of FACT heterodimer in DNA replication, transcription

initiation, and transcription elongation are well established through various genetic and

o
i)

biochemical studies done on different homologs. Based on the results obtained from the yeast
system, Formosa et al. postulated that this heterodimer has a single central activity of altering
the chromatin, while its roles at different stages of replication and transcription might be
mediated through coordinately functioning with other factors (9). This interaction network has
been experimentally established by the discovery of various genetic and physical interactors
of FACT. It is interesting to note that, upon gel filtration on crude extract materials (Figure
1F), the peak fractions of FACT were in a range that is much higher than the expected native

mass of purified FACT, which is about 230 kDa (1). Such faster and broad elution profile of
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FACT provides another strong evidence for the existence of different multiprotein complexes.
Surprisingly, in the immunoprecipitates of some of the fractions, our FACT-specific
antibodies could detect additional protein bands that had different electrophoretic mobilities
(Figure 1F). This raises the possibility that, on top of protein interaction, post-translational
modifications may also be present and of some significance in the regulation of FACT
activities. Finally, the addition of Nek9 to the growing list of FACT-interacting factors may
either suggest a novel pathway of this FACT complex, or indicate the involvement of
phosphorylation-dependent signal transduction in the existing FACT-associated processes.
Thus, identification of physiological substrates targeted by the kinase complex may be of

great importance in its functional characterization.
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Figure Legends

Figure 1

Identification of an endogenous FACT-Nek9 multiprotein complex

(A) SSRP1-associated complexes were immunoprecipitated from HeLa nuclear extracts using

SSRP1-specific monoclonal antibody 10D1. Specific SSRP1-interacting protein bands

that are absent in the control immunoprecipitates were identified by mass spectrometry. In

addition to FACT subunits, a ~120 kDa protein was identified as the human Nek9 protein.

(B) Western blot analysis of the different immunoprecipitates targeted by control antibody

2B12, anti-SSRP1 mAbs, 3E4, 10D1, and 7F8, and HeLa cell extracts, as indicated.
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Immunoblotting was done using aFACT140 and aSSRP1 (10D1) mAbs (top panel), or
aNek9-M antibody (bottom panel). The lower panel schematically represents the
approximate regions of SSRP1 (in amino acids) in which the recognition sites of the
different monoclonal antibodies may lie, as determined through immunoblotting on
deletion constructs of SSRP1.

(C) Western blot analysis of the different immunoprecipitates targeted by aNek9-N (lanel),
pre-immune serum (PI, lane 2), and HeLa cell extracts (lane 3). Immunoblotting was done
using aFACT140 and aSSRP1 (10D1) mAbs (lower panel), or aNek9-N antibody (top
panel).

(D)M2 beads bound without (lanel) or with (lane 2) FLAG-FACT140, or FLAG-p53 (lane 6),
and nickel-beads bound without (lane 3) or with (lane 4) His¢-SSRP1, or
Hise-Thioredoxin were used as baits in the in vitro pull-down assay. Presence and purity
of the immobilized proteins were seen on Coomassie blue-stained gels. Lysates from
insect cells (Sf9) previously infected with Myc-Nek9-expressing baculoviruses were used
in the binding reactions (lanes 1-4). Bound proteins were detected through
immunoblotting with anti-Myc antibodies. All proteins, except for the bacterially
expressed Hise-Thioredoxin, were derived from baculoviruses-infected insect cells.

(E) Lysates of insect cells (Sf9) singly infected with Hisc-SSRP1-expressing baculoviruses

(lane 1), or co-infected with FLAG-Nek9-expressing viruses (lane2) were subjected to
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immunoprecipitation using the M2 beads (Sigma). Expressions of His-SSRP1 (middle
panel) and FLAG-Nek9 (lower panel) were monitored by immunoblotting using,
respectively, anti-6xHis antibody (Qiagen) and M2 antibody. Components of the M2
immunoprecipitates, as shown by Coomassie blue-stained gel, are as indicated.

(F) Chromatographic fractions (numbers as indicated) generated by the gel filtration of HeLa
nuclear extracts (using Sephacryl S-400) were immunoblotted with «FACT140, aSSRP1,
and aNek9-M antibodies. Equal amounts of selected fractions were further subjected to
immunoprecipitation using mAb 10D1. Immunoprecipitates were also probed with

oFACT140, aSSRP1 (10D1), and aNek9-M antibodies.

Figure 2

Subcellular distribution of Nek9 and its cell cycle-dependent colocalization with FACT

(A) Indirect immunofluorescence analysis was performed on asynchronous HeLa cells to
observe localization of endogenous Nek9 (a-h), FACT140 (a) and SSRP1 (b-h),
respectively using aNek9-M antibody, «aFACT140 mAb 8D2, and aSSRP1 mAb 10D1.
Nuclear DNA was counter-stained by DAPI. Cells in different phases of the cell cycle
were examined: interphase (a and b), metaphase (¢ and d), anaphase (¢),
telophase/cytokinesis (f), and Go¢/G, phase (g and h). Individual and merged images were

generated by a Zeiss LSM 510 laser scanning confocal microscope.
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(B) HeLa cells ectopically expressing FLAG-Nek9 were stainined with «FLAG mAb and
counter-stained with DAPI. Images shown in (a) are an example of localization of
FLAG-Nek9 in the nucleus. A few FLAG-Nek9-positive cells also exhibited

nucleocytoplasmic or cytoplasmic staining signals (b).

Figure 3

Upon autoactivation in vitro, Nek9 undergoes phosphorylation on the conserved Thr;;o and

phosphorylation-dependent electrophoretic mobility shift

(A) An alignment of the kinase domain of Nek9 with those of human Aurora-2 kinase
(accession no.1MUO), porcine cAMP-dependent protein kinase (CaPK, #1CDK), rat
calmodulin-dependent protein kinase (CalmPK, #1A06), and human PAK-1 (#1F3M).
Homologous amino acid residues are highlighted in red blocks with white characters, and
similar residues are within blue boxes. Secondary structure assignments from the
Aurora-2 crystal structure are shown above the aligned sequences with blue symbols: a,
o-helix; B, B-sheet; i, 310-helix; T, turn. Amino acid residues important for catalysis are
also indicated from below (numbers corresponding to the Aurora-2 sequence): K31
(arrowhead), D125/N130 (circles), and T157 (star).

(B) Molecular modeling of the Nek9 kinase domain. Side chains of the residues important for

catalysis (K81, D176, and N181) as well as Thr;;¢ are depicted with ball-and-stick
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representation. Arrows indicate the location of the Thr, ;o residue and the activation loop
region. A phosphate moiety was added on the threonine, and its surface potential is
represented by a transparent hemisphere. A magnified view of the catalytic site is shown
on the right.

(C) An alignment of the activation loop region of Nek9 with those of the other Nek family
members. The conserved Thr; ;o residues are highlighted in blue blocks with white
characters, and other conserved residues within this region are in red characters.

(D) Endogenous Nek9 was immunoprecipitated from HeLa cells by aNek9-M antibody (lanes
1-3) and subjected to kinase assay (autoactivation) with the indicated concentrations of
ATP. Immunoprecipitates were immunoblotted with either aNek9-M antibody (top panel)
or aphospho-Thr,;( antibody (middle panel), or were further washed and incubated with
[*?P]ATP and histone H1 (1 pg) at 30°C. Phosphate incorporation on histone H1 was
monitored by *°P autoradiography (bottom panel). Arrowheads indicate the positions of
the lower-mobility form, whereas the asterisks point to the unactivated form of Nek9.

(E) Endogenous Nek9 was immunoprecipitated from HeLa cells by aNek9-M antibody.
Immunoprecipitates were washed and incubated without (lane 1), or with 100 uM of ATP
(lanes 2 and 3). After autoactivation, immunoprecipitates were further subjected to buffer
(lanes 1 and 2) or alkaline phosphatase treatment (lane 3). All immunoprecipitates were

resolved by SDS-PAGE, followed by Western blot using aNek9-M antibody (upper) or
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aphospho-Thr,;o antibody (lower). Arrowheads designate the positions of phospho-Nek9,
while asterisks denote the Nek9 with usual mobility. In the right panel, the electrophoretic
mobility of the autoactivated species (lane 4) was compared to that of Nek9
immunoprecipitated from exponentially growing cells (lane 5), and M-phase cells (lane 6).
Black arrowheads, asterisks, and gray arrowhead respectively designate the activated form,

the unactivated form, and the mitotic form.

Figure 4

Phospho-Nek9 associates with FACT in a cell cycle-dependent manner

(A) HeLa cells were immunoprecipitated with the indicated antibodies: control antibody (lane
2), aSSRP1 mAb 10D1 (lane 3), rabbit pre-immune sera (lane 4), and aNek9-M antibody
(lane 5) (cell extract input is shown in lane 1). The presence of Nek9, FACT heterodimers,
and phospho-Nek9 was detected by Western blot analysis using aNek9-M antibody (top),
aFACT140 and aSSRP1 antibodies (middle), and aphospho-Thr;;¢ antibody (bottom),
respectively. Position of the upshifted, phosphorylated Nek9 is indicated by the upper
arrow, whereas the lower arrow point to the presumed usual location of Nek9.

(B) FACT-associated immunocomplex was isolated by aSSRP1 mAb 10D1 from HeLa cells
at different cell cycle stages: exponentially growing (lanes 1 and 5), G,/S phase (lane 2), S

phase at 1 hr after double-thymidine block (lane 3), S phase at 3 hr (lane 4), and M phase
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(lane 6) and G, (lane 7). The presence of Nek9, FACT heterodimers, and phospho-Nek9
was detected by aNek9-M antibody (top), aFACT140 and aSSRP1 antibodies (bottom),
and ophospho-Thr; )¢ antibody (middle), respectively. The arrowhead designates the
location of the Thr, o-phosphorylated form of Nek9. The graph on the bottom illustrates
the changes in the degree of Thr,;o phosphorylation (on FACT-associated Nek9) across
different phases. The degree of phosphorylation, expressed as a ratio in band intensity of

phopho-Nek9 to total Nek9, was normalized to the asynchronous group.

Figure 5

RNAI ablation of endogenous Nek9 results in slower cellular growth

(A) Equal loadings of whole cell extracts derived from HeLa cells stably harboring
control-RNAI (control 1 and control 2), or Nek9-targeting dsRNA (clone 1 and clone 2)
were resolved by SDS-PAGE and blotted with aNek9-M antibody (indicated by
arrowhead). Asterisk denotes a-tubulin.

QRNAi

(B) Cell proliferation of the generated control and Nek stable cells was determined by

colony formation assay, as described in Materials and methods.

Figure 6

Slower growth of Nek9R"VAi cells can be partly attributed to prolongéd G, and S phases
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(A) Cells stably harboring control or Nek9-targeting dsSRNA were synchronized at G,/M as
described in Materials and methods. Cell cycle progression was analyzed based on DNA
content by FACS.

(B) Control and Nek9"™*! cells were synchronized at the G{/S junction by double thymidine
block. At the indicated time points after the release, cells were harvested and subjected to
DNA content analysis by FACS.

(C) Control and Nek9®NAi cells were synchronized at the G,/S junction, and pulse-labeled
with BrdUTP before being harvested at different time points as in (B). Cell cycle profiles
and degree of BrdU labeling (i.e. active DNA replication) were monitored by FACS.

The “labeling index™ quantitatively represents the percentage (%) of BrdU-positive cells

in a counted pool of cells.
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C/EBPg, a member of the C/EBP family, is one of the
key transcription factors responsible for the induction
of a wide array of genes, some of which play important
roles in innate immunity, inflammatory response, adi-
pocyte and myeloid cell differentiation, and the acute
phase response. Three C/EBPS isoforms (i.e. LAP*, LAP,
and LIP) were known to arise from differential transla-
tion initiation and display different functions in gene
regulation. C/EBPB is known to induce interleukin
(IL)-6 gene when P388D1 cells are treated with lipopo-
lysaccharide (LPS). Exactly how the transcriptional ac-
tivities of C/EBPB isoforms are involved in the regula-
tion of the IL-6 gene remains unclear. Here we report
that LPS-induced expression of IL-6 gene in P388D1
cells is mediated by a redox switch-activated LAP*. The
intramolecular disulfide bonds of LAP* and LAP have
been determined. Among the cysteine residues, amino
acid 11 (Cys'") of LAP* plays key roles for determining
the overall intramolecular disulfide bonds that form the
basis for redox switch regulation. The DNA binding ac-
tivity and transcriptional activity of LAP* are enhanced
under reducing condition. LAP and LIP, lacking 21 and
151 amino acids, respectively, in the N-terminal region,
are not regulated in a similar redox-responsive manner.
Our results indicate that LAP* is the primary isoform of
C/EBPB that regulates, through a redox switch, the LPS-
induced expression of the IL-6 gene.

Members of the C/EBP? family of proteins have
cated in the differentiation of myelomonocytic cells'a
regulation of gene expression during activation of macra
(1, 2). Regulation of macrophage gene expression by Ij
lysaccharide (LPS) is of potential importance in the pathogs
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esis of infection, inflammation, and septic shock. A detailed
understanding of the molecular basis of such disease requires a
thorough analysis of the mechanisms by which the actions of
LPS are transduced to the nucleus to alter gene expression.
The expression of C/EBPg is inducible in monocytes and macro-
phages by LPS. C/EBPS has been implicated in the regulation
of proinflammatory cytokines as well as other genes associated
with macrophage activation and the acute phase response (3,
4). The promoter regions of the genes for IL-6, TNFea, IL-1,
IL-8, and granulocyte colony-stimulating factor contain
C/EBPg-binding sites (3, 5~7). The stable expression of C/EBPS
in a murine P388 lymphoblast cell line is sufficient to confer
LPS-inducible IL-6 expression (8, 9). Conversely, inhibition of
endogenous C/EBPS expression by antisense RNA interference
blocks LPS induction of IL-6 expression in the murine
P388D1(IL1) macrophage-like cells (8). C/EBPS can also acti-
vate the proximal promoter of the human TNF-a gene in
RAW264.7 monocytic cells, whereas overexpression of a domi-
nant negative C/EBPS inhibits LPS-induced activation (10). In
the murine P388D1(IL1) cell line, C/EBPB is constitutively
expressed, and IL-6 and TNF-a can readily be induced by
agents such as LPS. The exact molecular mechanisms of LPS
IL-6 and TNF-a gene expression and how this
BPg-mediated activation of these genes remain

ally, members of C/EBP family are bZIP proteins
uence-specific DNA binding activity when homo- or
dimerized. The DNA-binding and transactivation do-
are located in the C- and N-terminal regions, respec-
ely (11). The intronless c/ebp gene (also known as lap in
t, agp/ebp in mouse, and NF-IL6 in human) encodes three
isoforms, including two activators (termed LAP* and LAP,
respectively) and a repressor (i.e. LIP). These isoforms of
C/EBPB are differentially translated from the same mRNA
(12). The expression of these isoforms is developmentally and
hormonally regulated (12-14).

The functional differences between the two activator iso-
forms, LAP* and LAP, have been addressed in two examples
(15, 16). The 21 amino acids of the N terminus region of LAP*
are responsible for its functional interaction with NF-«B and
for recruiting to the SWI-SNF complex involved in chromatin
remodeling. Both NF-«B and C/EBP can activate the inflam-
matory cytokine genes, and conversely, these cytokines can
induce NF-«B and C/EBPg (17). These results suggest that the
mechanisms for activating C/EBPS and NF-«B may converge
on a post-translational level. There is a cysteine residue, Cys'?,
located in the 21-amino acid stretch of the N-terminal region of
LAP*. The possibility of Cys'! involved in the tertiary structure
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or redox sensing that results in the differential activation of
LAP* and LAP deserves to be investigated.

The activities of transcription factors may be regulated in a
redox-sensitive manner. LPS has been shown to induce
changes in cellular redox states. The cellular levels of thiore-
doxin, thioredoxin reductase, and NADPH, as well as the reac-
tive oxygen species, may be elevated by LPS treatment (18—
20). Redox-based transcriptional regulation has been studied
extensively in prokaryotes (21-24) and demonstrated in eu-
karyotic cells (25-31). Among the redox-sensing proteins, thi-
oredoxin, thioredoxin reductase, and other related oxidoreduc-
tases are involved in the regulation of activities of many key
proteins in species ranging from bacteria to eukaryotic cells.
REF-1 has been characterized as a factor that imparts strong
DNA binding activity to the AP-1 complex by maintaining the
cysteines as reduced sulfhydryl groups (32). The DNA binding
activity of transcription factors can be affected by redox modi-
fications (25, 27, 29, 33). Cysteine residues of several transcrip-
tion factors, although not directly involved in DNA binding,
modulate DNA binding activity in response to the cellular
redox states (25-27, 33-37).

There are six, five, and two cysteines in LAP*, LAP, and LIP,
respectively. To address the potential regulation of LAP* and
LAP activity by LPS, we performed detailed biochemical and
functional studies on the differential regulation of LAP* and
LAP. Here we report that only LAP* is activated by LPS-
induced redox switch. Upon reduction, LAP* is activated to
up-regulate the transcription of IL-6 gene in P388D1(IL1) cells.
We have determined that disulfide bonds formed in LAP* and
LAP. A cysteine residue located in the N-terminal 21-amino
acid region plays key roles in determining the tertiary struc-
ture and the redox-regulated activation of LAP*. The impor-
tance and the biological significance of this discovery are
discussed.

EXPERIMENTAL PROCEDURES

Cell Culture and Transient Transfection—293T cells were cultured in
Dulbecco’s modified Eagle’s medium (Invitrogen) supplemented with
10% fetal calf serum (Hyclone). P388D1(IL1) cells were cultured in
Iscove’s modified Dulbecco’s medium (Invitrogen) supplemented with
10% fetal calf serum and 2 mM L-glutamine (Invitrogen). Both cultures
were supplemented with 100 units/ml penicillin and 100 ug/ml stre
tomycin. All nuclear extracts from 293T or P388D1(IL1) cells we
prepared with nitrogen gas. Transient transfection of 293T
performed with a calcium phosphate precipitation method.
phosphate-plasmid DNA precipitate contained, in each we
plate, 1 pg of AGP-CAT, 0.3 ug of pSV-B-galactosidase,
constructs of pCMV-C/EBP (detailed in the legend of figure:
plasmid DNA was used to give a final amount of 2 ug of DNA fi
transfection. 20 h post-transfection, the cultures were repla
fresh medium and treated with either 10 uM pyrrolidine dithiocari
ate (PDTC) or 1 mm N-acetylcysteine (NAC) for 16 h. The cells
harvested, and CAT activity was determined and normalized with
B-galactosidase activity. At least two independent, duplicate experi-
ments were performed to each assay.

Plasmids—The AGP-CAT and pCMV-C/EBPB plasmids were ob-
tained as described elsewhere (38). FLAG-tagged LAP*, LAP, and LIP
constructs were obtained by cloning the full-length and the respective
N-terminal deletion constructs into pCMV-tag2 expression vector
(Stratagene). Mutants of each of the six cysteine residues (i.e. Cys —
Ser) were generated with the M13mp18 site-directed mutagenesis
system (Promega) using the following synthetic primers: C118S, 5’-AC-
GCAGCAAGCCTCCCG-3'; €338, 5'-AGCCCGACAGCCTGGAA-3';
C1238, §’-CCGCCCGCAAGCTTTCCG-3'; C143S, 5'-CCGCGGACAGC-
AAGCGC-3'; C2018, 5'-CCCGCCGCAAGCTTCGCG-3'; and C2968S, 5'-
CGGGCCACAGCTAGCGCGGCGCG-3'. The mutated nucleotides are
underlined. The mutated cDNAs were then cloned into pCMV-tag
vector.

Antibodies—18F8 monoclonal antibody was produced from hybri-
domas generated by fusing splenocytes from BALB/c mouse immu-
nized with MHRLLAWDAACLPPPAAFPKLH with myelomas. 1H7
monoclonal antibody was obtained by immunizing BALB/c mice with

recombinant LIP. A16 and other antibodies were described previously
(15).

Chromatin Immunoprecipitation Assays—Chromatin immunopre-
cipitation assays were modified from previously described methods (39).
Briefly, P388D1 cells were cross-linked with 1% formaldehyde for 10
min at 37 °C. The nuclei were isolated and sonicated into oligonucleo-
somes of ~600 bp in length. The sheared chromatin was immunopre-
cipitated with 18F8 and 1H7 antibodies overnight, followed by 1 h of
incubation with protein G-agarose, cross-linking reversal, and depro-
teination. The presence of immunoprecipitated DNA was detected by
PCR with the following primers: IL-6, sense, 5'-GCTTCTTAGGGCTA-
GCCTCA-3’', and antisense, 5'-AGCTACAGACATCCCCAGTC-3’;
TNF-a, sense, 5'“TTCCGAGGGTTGAATGAGAGCT-3’, and antisense,
5'-TTTCTGTTCTCCCTCCTGGCTA-3’; and C/EBPB, sense, 5'-GTAG-
CTGGAGGAACGATC3’, and antisense, 5-TCGGGAACACGGAGGAG-
C-3'. PCR was performed for 25 cycles. The products were resolved by
2% agarose gels and visualized with ethidium bromide staining. UV-
illuminated images were photographed and analyzed by Alphalmager
1220 (Alpha Innotech Corp.)

Northern Blot Analysis—P388D1(IL1) cells were cultured to 80%
confluent and stimulated with 1 ug/ml LPS (Escherichia coli 0111:B4;
Sigma). The total RNA was extracted with TRIZOL reagent (Invitro-
gen). Approximately 10 ug of total cellular RNA of each sample was
separated by electrophoresis in a 1% agarose gel and analyzed by
Northern blotting according to standard protocols. IL-6 probe was gen-
erated by reverse transcription-PCR from P388D1(IL1) RNA with the
following primers: IL-6 forward primer, 5'-ATGAAGTTCCTCTCTGC-
AAGAG-3', and IL-6 reverse primer, §'-CTAGGTTTGCCGAGTAGAT-
CTCA-3'. Full-length ¢cDNA was used to probe C/EBPB RNA as de-
scribed previously (4).

Alkylation of Free Thiol Groups with Iodoacetamide in Vivo—The
alkylation method was performed as described previously (40).
P388D1(IL1) cells were stimulated with 1 ug/ml LPS in the presence of
0.1 mM jodoacetamide (Sigma) to prevent free thiol groups from oxidiz-
ing to disulfide. Direct lysates were prepared at the indicated times
with SDS sample dye containing 200 mM iodoacetamide at room tem-
perature. The lysates were then resolved by nonreducing SDS-PAGE
followed by Western blot analysis.

Electrophoretic Mobility Shift Assay—The specific probe for C/E-
BPg was prepared by annealing the oligonucleotides 5'-GATCATTT-
TGTGTAAGAC-3' and 5-GATCGTCTTACACAAAAT-3'. The probe
was labeled with T4 polynucleotide kinase and [y-32P]ATP. Nuclear
extract (5-10 pg) from P388D1(IL1) cells or transfected 293T cells
was incubated with the probe (1 ng) and 300 ng poly(dI-dC) in either
the ab. resence of DTT, NADPH (Sigma), thioredoxin (Sig-
bination of NADPH, thioredoxin, and thioredoxin
ma) at 37 °C for 20 min. For supershift assay, after the
ture was incubated, 1-2 ul of anti-C/EBPg antibody was
the incubation continued at room temperature for addi-
min. The reaction mixtures were separated by 5% PAGE in
cine/EDTA buffer.
lfide Bond Determination by LC ESI Mass Spectrometry
G-C/EBPB isoforms were expressed in 293T cells, immunopre-
ated by M2 beads, and resolved in SDS-PAGE under nonreducing
nditions. The in-gel tryptic digest of C/EBPB was dissolved in 0.1%
formic acid, separated with an ABI 140D HPLC (Perkin-Elmer, 150 x
0.5 mm Brownlee reversed phase C18 column packed with 5-um parti-

" cles with a 300-A pore), and on-line detected with a Finnigan Mat LCQ

ion trap mass spectrometer. The mobile phase of HPLC consisted of
various mixing ratios of 0.1% aqueous formic acid (solution A) and 0.1%
formic acid in acetonitrile (solution B). The HPLC analysis was run
using a gradient: 5% B for the first 25 min, 5-15% B in 25-30 min,
15-50% B in 30-100 min, and 50-65% B in 100-105 min; this final
isocratic solvent was used until all of the peptides were eluted. The
eluted peptides were analyzed under positive ion mass spectrometry
scan mode over an m/z range of 395-1605. A table of detected masses
was generated from the acquired mass spectra by the SEQUEST
Browser software (Finnigan). The acquired ion masses were then man-
ually examined for possible combinations of peptides containing cys-
teine residues.

RESULTS

LAP* Is Recruited to IL-6 Gene Promoter after LPS Treat-
ment—Schematic representation of the C/EBPS isoforms is
shown in Fig. 1A. There are six cysteine residues in the mouse
LAP* (i.e. Cys'!, Cys®?, Cys'23, Cys'43, Cys?°?, and Cys?%), five
in LAP (i.e. Cys®, Cys'?3, Cys!*3, Cys?®!, and Cys?%), and two
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Fic. 1. LAP* is specifically recruited to IL-6 promoter upon LPS stimulation. A, schematic representation of the C/EBPB isoforms. The
associated bars indicate the antigen used to produce the three monoclonal antibodies (18F8, A16, and 1H7) and polyclonal antibody N21. Arrows
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in LIP (i.e. Cys®*! and Cys?°%). Monoclonal and polyclonal an-
tibodies that recognize only LAP* (i.e. 18F8 and N21), both
LAP* and LAP (i.e. A16), as well as all three isoforms (i.e. 1H7)
were generated (Fig. 1A, the regions recognized by these mono-
clonal antibodies are indicated at the top of this figure). To
investigate the differential recruitment of C/EBP isoforms to
target gene promoters, 18F8 and 1H7 were employed for chro-
matin immunoprecipitation (ChIP) experiments of IL-6 and
C/EBPB genes from LPS-treated P388D1(IL1) cells. Schematic
representations of these target genes are shown in the top
panels of Fig. 1B. Semi-quantitative analysis of the amounts of
DNA immunoprecipitated by 18F8, 1H7, and anti-p50 antibody
is shown in Fig. 1C. LAP* is selectively recruited to the IL-6
gene promoter only after LPS stimulation, whereas the binding
of the sum of all three C/EBPS isoforms as visualized by ChIP
using 1H7 remains constant, independent of the time course of
LPS treatment (Fig. 1B, 18F8 and 1H7 of left panels). The
binding of LAP* to the promoter region of C/EBPS is undetect-
able as demonstrated by ChIP assay with 18F8, but the time
course of 1H7 binding to the C/EBPB promoter remains un-
changed upon LPS treatment (Fig. 1B, 18F8 and 1H7 of right
panels).

NF-«B, known as the predominant factor responsible for the
induction of inflammatory cytokine genes (41), was also tested
in ChIP experiment with anti-p50 antibody. Indeed, NF-«B
was also recruited to the IL-6 promoter, albeit with different
kinetic pattern from that of LAP* (Fig. 1B, & p50 of left panels).
The kinetics of LAP* recruitment to the IL-6 promoter corre-
lates well with the expression of IL-6 mRNA (Fig. 1B, 18F8 and
IL-6 of left panels). C/EBPB is constitutively expressed in
P388D1(IL1) cells (Fig. 1B, C/EBPB of right panels and data
not shown). Neither LAP* nor NF-xB was recruited to the
C/EBPB promoter upon LPS treatment of P388D1(IL1) cells
(Fig. 1B, 18F8 and a p50 of right panels). Taken together, these
results suggest that LAP* may play key roles for LPS-induced
IL-6 expression but not in the constitutive expression of
C/EBPpB gene. In addition to, or in conjunction with LAP*,
NF-«B could also play important roles in LPS-mediated IL-6
gene expression.

LAP* Activation Correlates with the Reduction of Intramo-
lecular Disulfide Bonds—We next aimed to examine the poten-
tial mechanisms that govern the LPS-induced recruit
LAP* to the IL-6 gene promoter. A number of differen
ways have been described to activate C/EBPS, includ
scriptional up-regulation, post-translational modifica
nuclear translocation (42). The Northern data in Fi
EBPB panel) exclude the possibility of transcriptional
ulation in the present assay system. Immunological ana
demonstrated that both protein level and subcellular loc
tion of C/EBPB isoforms remain unchanged regardless
whether the P388D1(IL1) cells were treated with LPS or not
(data not shown). Because LPS treatment is associated with
alterations of the redox state, we hypothesized that LAP* could
be regulated by a redox switch. Interestingly, amino acid align-
ment shows that the cysteine residues in C/EBPS are highly
conserved among species (Fig. 24). Moreover, an extra cysteine
residue is located in the N-terminal 21-amino acid stretch that
is unique to LAP* (Fig. 2A). To assess whether these cysteine
residues were involved in disulfide bond rearrangements dur-
ing LPS treatment, we performed Western blot analysis to

LPS-treated P388D1(IL1) under nonreducing conditions. Io-
doacetamide was used to trap the free thiol groups during LPS
treatment. At least two species of LAP* displaying slower mo-
bility were observed 1 h after LPS treatment (Fig. 2B), sug-
gesting the differential reduction of intramolecular disulfide
bonds. The kinetics of these mobility changes in LAP* also
correlates with the ChIP pattern of 18F8 antibody and the
induction of IL-6 gene depicted in Fig. 1B. However, when the
same protein preparations were subjected to a treatment with
the reducing agent DTT, no mobility change could be observed
(Fig. 2B, upper panel). On the contrary, LAP does not show a
similar change of mobility under nonreducing conditions (Fig.
2B, bottom panel). These observations suggest that endogenous
LAP* exists in a more compact conformation, which is relaxed
by disulfide bond reduction upon LPS stimulation. To further
confirm this finding, we treated the nuclear extract of
P388D1(IL1) cells with various concentrations of DTT and an-
alyzed by Western blot under nonreducing conditions. As
shown in Fig. 2C, the N21 antibody detected three different
migration forms of LAP* (upper panel). A slightly slower mi-
gration form was also observed for LAP from the same extracts
(Fig. 2C, lower panel), whereas no mobility change was de-
tected in LIP (data not shown). The same migration behavior
was also observed for FLAG-tagged recombinant C/EBPgs ex-
pressed in 293T cells (Fig. 2D).

Identification of the Intramolecular Disulfide Bonds in LAP*
and LAP—To determine which cysteine residues are involved
in the intramolecular disulfide bond formation in LAP* and
LAP, we performed mass spectrometric analysis. FLAG-LAP*
was digested with trypsin, and the resulting peptides were
analyzed by mass spectrometer. Disulfide bonds between Cys!*
and Cys®3, between Cys!?® and Cys'*3, and between Cys?°! and
Cys?®8 of LAP* were identified (Fig. 34). When FLAG-LAP was
subjected to a similar analysis, only Cys'?® and Cys?°! were
found to form intramolecular disulfide bond. This result is
consistent with the barely detectable mobility shift of endoge-
nous LAP shown in Fig. 2B. The major determinant in disulfide
bond formation between LAP* and LAP hinges on the Cys'!
resi To assess the importance of this residue in the
de bond formation, we performed site-directed
that substituted the cysteine with a serine resi-
pysis of this mutant FLAG-LAP* (C118S) reveals that
123 and Cys2°!, and not Cys!! and Cys?? nor Cys?°! and
were linked by disulfide bond formation. When Cys! is
tuted, the tertiary structure of FLAG-LAP*(C118S) is ap-
ntly similar to that of LAP. To correlate these results, we
pressed each mutant of the cysteine residues of LAP* and
xamined their migration pattern under nonreducing SDS-
PAGE. As shown in Fig. 3B, all of the mutants migrate more
slowly than the wild type protein. The mobility of C123S,
C143S, C201S, and C296S was somewhat diffused as compared
with that of C11S and C33S. The mobility of C11S and C33S
was similar, in accordance to their partnership in disulfide
bond formation. Taken together, these data provide evidence
that all of the cysteine residues in LAP* are linked by disulfide
bond formation. Cys!! plays a central role in determining the
tertiary structure of LAP*. If the disulfide bond between Cys'!
and Cys® is disrupted by point mutation, LAP* assumes a
conformation that is similar to that of LAP.

Transcriptional Activity of LAP* Is Greatly Enhanced under

mark the six highly conserved cysteine residues. TA, transactivation domain; 5ZIP, basic leucine zipper domain. B, the kinetics of promoter binding
and the expression profiles of C/EBPS target genes. Transcription initiation site on IL-6 and C/EBPS gene promoters (arrows) and the PCR
fragments amplified (line drawings) are indicated. ChIP experiments were performed with 18F8, 1H7, and anti-NFxB p50 antibodies from
P388D1(IL1) cells at the indicated times after LPS stimulation (1 pg/ml). Steady-state RNA levels are monitored by Northern blotting, GAPDH
serves as a loading control (boxed panels). C, semi-quantitative analysis of the ChIP results are represented as the mean intensity over the fixed
area normalized against background values.
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intramolecular disulfide bonds in endogenous and recombinant LAP*. Nucl
cells (D) were prepared with buffers devoid of DTT. Nuclear extract was i

reaction mixtures were subjected to nonreducing SDS-PAGE and. visu

Reducing Conditions—Having demonstrated that LA
goes reduction of disulfide linkages and activation
stimulation, we then evaluated the effect of reducing
the transcription activity of LAP*. The expression ve
LAP* and LAP were transfected into 293T cells togethe
AGP-CAT reporter. Consistent with our previous results
lished elsewhere, LAP is more active than LAP* when tested &
transient transfection experiments (15). When LAP* transfec-
tants were treated with the reducing agents PDTC or NAC, the
activation of reporter gene was enhanced in a PDTC and NAC
concentration-dependent manner. These stimulatory effects
were not observed for LAP transfectants (Fig. 4, A, PDTC, and
B, NAC). These reducing agents may exert their effect by
directly reducing the disulfide bonds in LAP*. To explore this
possibility, we assayed the transcription activity of the cysteine
mutants, which mimic the reduction of their respective disul-
fide bonds. For C11S and C33S, the transactivation of AGP-
CAT was greatly enhanced as compared with that of wild type
LAP* and other cysteine mutants (Fig. 4C). Because the results
shown in Fig. 3 implicate that the C11S mutant (and possibly
C338S as well) adopt the same disulfide linkage as in LAP, the
most reasonable explanation for these observations is that
PDTC or NAC also promotes the disengagement of disulfide
linkage between Cys'! and Cys®?, rendering LAP* to acquire

Reducing Conditions Enhance the DNA Binding Activity of
WAP*—To determine the mechanism by which change in redox
ate influences the transcription activity of LAP*, we per-
formed electrophoretic mobility shift assays. The DNA binding
activity of FLAG-LAP*, but not FLAG-LAP and FLAG-LIP,
was enhanced by the addition of DTT (Fig. 54, compare lanes 3
and 6 for LAP*, lanes 4 and 7 for LAP, and lanes 5 and 8 for
LIP). Similarly, the DNA binding activity of endogenous LAP*
was detected only in the DTT-treated extracts, as demon-
strated by the antibody-specific supershifts (Fig. 5B, compare
lanes 3, 4, 9, and 10; asterisks mark the supershifted com-
plexes). The DNA binding activity of LAP did not appear to be
influenced by the presence of DTT (Fig. 5B, compare lanes 5, 6,
11, and 12; supershifted complex detected by A16). One could
argue that DTT may not reflect in vivo conditions. To explore
the impact of endogenous redox-sensing systems on LAP*, we
tested the effects of NADPH, thioredoxin, and the combination
of NADPH, thioredoxin, and thioredoxin reductase in electro-
phoretic mobility shift assays. FLAG-LAP* was purified with
M2 beads to avoid the consumption of reducing agents from
other proteins. As shown in Fig. 5C, DTT (lares 2 and 3) and
thioredoxin (lanes 6 and 7) were effective in enhancing the
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LAP* . 53 P 3=
COOH
NHzETS3 B4 20 556 0

Fic. 3. Mapping of intramolecular ——

disulfide bond(s) in C/EBP. A, sche- LAP ,S,H S,’ SH $ S,H

matic representation of the identified in- NH2 33 123 143 201 295COOH

tramolecular disulfide bonds of C/EBPS

isoforms. FLAG-tagged C/EBPs were ex-

pressed in 293T cells, immunoaffinity-pu- SH SH

rified with M2 beads, and recovered from LI P NH:k A | COOH

SDS-PAGE. The peptides generated by 201 296

trypsin digestion were analyzed with

LCQ (Finnigan) and MALDI-TOF. B, wild —

type (WT) and mutant LAP*s migrate dif- LA P* NH2 l)|( SIH s. S|H $ S"-éOOH

ferently in nonreducing SDS-PAGE.

FLAG-LAP* and its cysteine mutants (Clls) 1133 13 18 o 26

(Cys — Ser) were expressed in 293T cells.
Nuclear extract prepared with buffer de-
void of DTT was subjected to SDS-PAGE
and visualized by Western blot with M2
antibody.

PDTC Conc.
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S 10 uM
B 50 uyM
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FiG. 4. The transcriptional activity of LAP*, but not LAP, is enhanced under reducing conditions. A and B, treatment with
antioxidants stimulates the transactivity of LAP*. 293 T cells were transfected with 1 ug of AGP-CAT, 0.5 ug of pSV-B-galactosidase, and 50 ng
of pCMV-tag-LAP* or pCMV-tag-LAP. The transfected cells were treated with various concentrations of PDTC (A) and NAC (B) for 16 h before
harvesting for CAT assays. The CAT activity was normalized with B-galactosidase. C, transcriptional activity of LAP* and each cysteine mutants
were measured by CAT assay. 293T cells were co-transfected with 0.75 ug of AGP-CAT, 0.25 ug of pSV-g-galactosidase, and 0.02 ug of each
corresponding LAP* construct. The CAT assays were performed 36 h post-transfection. Each normalized CAT value represents the means of four

independent experiments.

DNA binding activity of LAP*. The reducing effect of thiore-
doxin alone seemed less effective than that of DTT or the
combination of thioredoxin, thioredoxin reductase, and
NADPH. This may be attributed to the decreased reducing
power by partially oxidized form of thioredoxin. NADPH has an

almost undetectable effect (Fig. 5C, lanes 4 and 5). When LAP*
was treated with thioredoxin, NADPH, and thioredoxin reduc-
tase, its DNA binding activity was comparable with that of
DTT-treated samples (Fig 5C, lanes 8 and 9). Taken together,
our findings provide strong evidence that the DNA binding
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Fic. 5. The DNA binding activity of LAP* is enhanced under

reducing conditions. A, nuclear extracts (5 jg) from 293T cells ex-
pressing various recombinant C/EBPB isoforms were incubated in the
absence (lanes 1-5) or presence (lanes 6-8) of DTT, reacted with
[a-*2P]ATP-labeled probe, and then separated by 5% native PAGE.
Lane 1, probe only; lane 2, nuclear extract from mock transfected.
cells; lanes 3 and 6, LAP*; lanes 4 and 7, LAP; lanes 5 and 8, LIP. &,
ug of nuclear extract from P388D1(IL1) cells were treated i
sence or presence of DTT. The reaction mixtures were then
with labeled probe in the absence or presence of antibodies!
C/EBPB isoforms. The asterisks indicate the supershifted
Two different dosages of antibodies were used: 1 ul (+) and
C, recombinant FLAG-LAP* was purified from 293T transfe
by immunoprecipitation and eluted with FLAG peptide. The
FLAG-LAP* was incubated with various reducing agents and
reacted with probe. Lane 1, FLAG-LAP* only; lanes 2 and 3, 0.2
mM of DTT,; lanes 4 and 5, 0.2 and 2 mm NADPH; lanes 6 and 7, 10
20 pM thioredoxin (Tn); lanes 8 and 9, thioredoxin reductase (TxR) and
NADPH and 10 and 20 uM Txn were added to the reaction mixtures.

activity of LAP* may be regulated in a redox-sensitive manner.
The thioredoxin and thioredoxin reductase are among the can-
didate players in the activation of LAP*. In contrast, LAP and
LIP are insensitive to the change in redox condition.

DISCUSSION

C/EBPBg is one of the key players in the regulation of growth,
differentiation, metabolism, and inflammation. Understanding
the mechanism of differential regulation of C/EBPS is an impor-
tant issue for basic and applied biological research. Although
functional differences have been described between LAP* and
LAP (15, 16), how they are separately regulated remains com-
pletely unknown. In the present study, we report for the first
time that upon LPS stimulation, the full-length isoform LAP* is

differentially activated by a redox switch mechanism, and conse-
quently, LAP* gains DNA binding activity and is recruited to the
IL-6 promoter for its transcriptional induction.

Because numerous studies revealed that C/EBPS regulation
is extremely complicated and cell type-specific (42), we focused
our studies in the P388D1(L1) cells, in which both inducible
(IL-6) as well as constitutive regulation (C/EBPB itself) by
C/EBPB are well documented. The observation that although a
bulk of C/EBPB is permanently associated with both target
promoters, the induction of I1-6 does not occur until the re-
cruitment of LAP* strongly suggests that LAP* is the determi-
nant isoform in LPS-inducible IL-6 expression. On the other
hand, LAP* does not seem to be involved in the regulation of
constitutively expressed genes, as exemplified by C/EBPg it-
self. This is in pretty good agreement with our previous report
that LAP* preferentially interacts with NF-«B in a synergistic
manner, whereas LAP does not. NF-xB is known to be a crucial
factor in the LPS-inducible expression of inflammatory cyto-
kine genes (41). Our ChIP data confirmed its initial recruit-
ment to the IL-6 promoter simultaneously with LAP*; never-
theless, NF-«B binding persisted long after decreased IL-6
mRNA production. This difference in promoter binding kinetics
prompted us to examine another LPS-inducible gene, TNF-a,
for which NF-«B is considered as the determinant factor of its
expression. We found that both C/EBPS and NF-«xB were re-
cruited to the TNF-a promoter with the same kinetics (data not
shown). A possible implication of these results is that although
the activation of C/EBPB and NF-«B are both necessary for the
induction of LPS-up-regulated genes, they may differ in play-
ing the triggering roles for specific genes. In light of the perfect
correlation between IL-6 transcription and LAP* recruitment
to its promoter, our data strongly suggest that LAP* may play
the switch roles for IL-6 transcription, whereas NF-«B plays
the key role for the induction of TNF-a gene.

A previous report described the association of LAP* with the
SWI-SNF complex through the 21-amino acid stretch in the N
terminus (16). It is then speculated that LAP* may be involved
in the activation of those target genes requiring chromatin
ctivity provided by the SWI-SNF complex. The
on chromatin remodeling of the IL-6 and C/EBPS
be crucial for further investigation. Moreover, our
studies demonstrated a novel function for the extra
ds at the N terminus of LAP*. Specifically, Cys!! is
involved or affected in the intramolecular disulfide bond
tion of LAP*. When ¢DNA of C/EBPB is transfected into
s, proteins of all three isoforms are produced. To obtain any
gle species of C/EBPB isoform, FLAG-tagged ¢cDNA is used
for generating recombinant protein by transient transfection
into host cells. When we performed SDS-PAGE and Western
blot analysis under nonreducing and reducing conditions using
P388D1(IL1)-derived and FLAG-tagged proteins, the mobility
of endogenous-derived and recombinant proteins are similar.
This result suggests that the intramolecular disulfide bond
formation for endogenous and recombinant proteins is likely to
be the same. Mass spectra analysis indicates that Cys'* and
Cys®3, Cys'?? and Cys'%3, and Cys?! and Cys?®® of LAP* form
three intramolecular disulfide bonds. LAP, lacking the N-ter-
minal 21 amino acids and thus Cys'?, is different from LAP* in
tertiary structure. The intramolecular disulfide bond of LAP is
between Cys'?® and Cys?®!. The intramolecular disulfide bond
of LAP*(C11S) is the same as that of LAP. These results indi-
cate that Cys!! of LAP* is key to the tertiary structure of LAP*.
The Cys?! and Cys®? disulfide bond could affect the function of
the transactivation domain of LAP*. Maybe when Cys!! gets
reduced under redox switch, the conformation of LAP* changes
to facilitate its association with the SWI-SNF complex and
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hence turning on target gene expression (16). Therefore, the
activities of LAP* and LAP are likely to be different, and LAP*
may be the primary factor among C/EBPg isoforms that confers
the redox-sensitive transactivation of target genes.

Closely related family member proteins were known to dis-
play different activities because of the difference in their in-
tramolecular disulfide bonds (43). For example, insulin-like
growth factor IGF)-binding proteins (IGFBPs 1-6) are respon-
sible for modulating the action of IGFs. IGFBPs 1-5 contain 18
conserved cysteines, but IGFBP-6 lacks two of the 12 N-termi-
nal cysteines. The N-terminal intramolecular disulfide link-
ages of IGFBP-6 differ significantly from those of IGFBP-1 as
determined by mass spectrometry. This difference could con-
tribute to the distinctive IGF binding properties of IGFBP-6
(which has the highest affinity for IGF-II). Our present results
on the difference of intramolecular disulfide bonds between
LAP* and LAP are analogous to those of IGFBPs.

How does LAP* get reduced in LPS-treated P388D1(IL1)
cells? The more likely physiological scenario is through oxi-
doreductases (e.g. thioredoxin and thioredoxin reductase).
There is a report on the elevation of thioredoxin and thiore-
doxin reductase levels in placenta of pregnant mice exposed to
LPS (18). The LPS-treated P388D1(IL1) cells may generate
high levels of thioredoxin, thioredoxin reductase, and NADPH
and thus facilitate the activation of LAP*. Alternatively, oxi-
doreductase such as protein disulfide isomerase may be acti-
vated under LPS-stimulated conditions and may then activate
LAP*, Our results demonstrated that LAP* gets reduced when
P388D1(IL1) cells are treated with LPS (Fig. 2B). These results
suggest that post-translational events, such as the reduction of
disulfide bonds are responsible for the activation of LAP*.
Consistent with the ChIP results, transient transfection exper-
iments using wild type LAP* also demonstrated that LAP*, not
LAP, is specifically activated by PDTC or NAC treatment.
When treated with 50 um PDTC, the transcription activity of
LAP* is higher than that of LAP. The transactivation activity
of LAP*(C11S) or LAP*(C33S) is much higher than that of wild
type LAP*, suggesting that the reduction of intramolecular
disulfide bond between Cys'! and Cys®? of LAP* may be im-
portant for its activation. The intramolecular disulfide bond
between Cys?®! and Cys2% may pose a constraint for dime
tion of LAP*, which must be reduced or disrupted p:
DNA binding. Alternatively, Cys'! or Cys®? may infl
overall tertiary structure and conformation during
translation. That is why when Cys'! is mutated, the*
lecular disulfide bond of LAP*(C11S) is the same as
disulfide bond between Cys'2® and Cys?°! may be buried %
molecule based on the results of our molecular modeling
not shown). The DNA binding activity of LAP* is activa
reducing agents, whereas LAP is constitutively active. In ad-
dition to playing roles of direct disulfide bond formation, Cys*!
could influence the folding of LAP* during translation. Muta-
tion of cysteine residues other than Cys'! and Cys®? could have
very different effects on intramolecular disulfide bond forma-
tion and folding of LAP*. The results from transient transfec-
tion experiments performed with various cysteine mutants
clearly define that Cys'! and Cys®® are functionally different
from other cysteines (Fig. 5C). In addition to dimerization and
DNA binding, domain(s) located near the N-terminal region is
important for the transactivation of LAP*. Cys'! and Cys®?
could influence the disulfide bonds formation mediated by the
other four cysteines; however, the other mutants of cysteines
(i.e. Cys'?, Cys!*?, Cys?!, and Cys®®®) may or may not influ-
ence the disulfide bond formation between Cys!! and Cys®?
These possibilities are to be addressed in future experiments.
Any results derived from the mutation of cysteine must be

interpreted with caution. It should also be noted that, because
resident genes are embedded in chromatin but the ectopically
transfected plasmids are not, the activities of LAP* defined by
transient transfection and those derived from the ChIP for are
likely to be different.

The results from this study suggest that LAP* may function
as a cellular sensor for the sudden surge of reducing potential
that is required for switching the key regulatory genes as
exemplified by the induction of IL-6 gene. LAP, on the other
hand, does not respond to the reducing power but may regulate
the transcription of genes with house keeping functions. Taken
together, these results demonstrate that redox switch is re-
sponsible for the activation of LAP*, but not LAP, for targeting
genes encoding key regulatory proteins. This novel type of
molecular switch for differential regulation of two transcrip-
tional activators resulted from alternative translation of the
same mRNA, may be found in other systems, and should have
general interest in studying gene regulation.
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