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ABSTRACT

C/EBPE

is a member of the CCAAT/enhancer binding protein (C/EBP) family of

transcription factors and is primarily expressed in neutrophils. Multiple functional
domains were previously identified in the C/EBPe polypeptide including a regulatory
domain (RD or RDI) that negatively regulates the activity of C/EBPe. Within the RD a
five amino acid motif (the regulatory domain motif (RDM)) is conserved in three other
C/EBP family members and is critical for the inhibitory function of the RD. Interestingly
the RDM is similar to the recognition sequence for the small ubiquitin-like modifier
protein (SUMO) and attachment of SUMO to the RDM can activate C/EBPe. The goal of
this study was to explore the molecular mechanisms by which the RD controls C/EBPe
activity. These experiments may provide important information

about general

transcriptional regulatory mechanisms as RD-like elements, and SUMO attachment sites,
exist in inhibitory domains of a large number of transcriptional regulators.
Two models were designed to explain the mechanism of the function of the RD.
One model proposes that intra-molecular interactions exist between the RD and its linked
activation domain (AD), thereby blocking access of the AD to components of the
transcriptional machinery. In this model, the attachment of SUMO to the RDM releases
the AD and activates C/EBPe. Physical interactions between the RD and AD were not
detected in either a mammalian two-hybrid assay or a direct interaction assay. The
validity of this first model was also assessed by examining the activation domain
specificity of the RD. The C/EBPe RD was capable of inhibiting linked ADs from three

different classes, suggesting that the RD is unlikely to function according to model one.
The second model assumes the RD functions by recruiting as yet unknown
inhibitory RDM binding factor(s) (RDM-BF). In this model, SUMO attachment would
displace the RDM-BFs thereby releasing the inhibitory effect of the RD. The first
candidate RDM-BF tested was the family of proteins with histone deacetylase (HDAC)
activity as these proteins are classically associated with co-repressor activity. Although
the activity of C/EBPe was increased in the presence of the general HDAC inhibitor
Trichostatin A, this effect was not dependent on the integrity of the RDM. These results
indicate that C/EBPe may recmit HDACs through a domain separate from the RDM.
In conclusion, the AD and RD of C/EBPe appear not to directly interact, however,
additional candidate RDM-BFs must be identified and examined to determine whether
the RDM functions by recmiting accessory, inhibitory proteins.
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CHAPTER I
INTRODUCTION

1.1 General Mechanism of Transcriptional Regulation
The core promoters of most eukaryotic genes transcribed by RNA polymerase II
direct basal levels of transcription. A much higher transcription level is achieved when
transcription activators elevate the initiation rate from the associated core promoter by
binding to the proximal regulatory sequences near the core promoter or to the distant
regulatory sequences (enhancers). Transcription activators are modular proteins
composed of distinct DNA-binding and activation domains (AD) and they are often
classified according to the type of DNA-binding domains (DBD) they contain. The
CCAAT/enhancer binding proteins (C/EBPs) are members of the basic region/leucine
zipper superfamily of transcription factors (31). The members of the C/EBP family play a
pivotal role in many processes including cellular differentiation, liver regeneration,
inflammatory response, control of metabolism and numerous other cellular responses
(59), as well as functions in multiple cell lineages (39) including the hematopoietic,
hepatic and adipocyte lineages. C/EBPs have also been associated with human diseases
including breast cancer, leukemia and diabetes.

1.2 CCAAT/enhancer Binding Proteins (C/EBPs)
The C/EBPs are a family of transcription factors in which all members contain a
highly conserved basic region/leucine zipper domain at the C-terminus that is involved in

dimerization and DNA binding. Six members of the family have been isolated and
characterized, C/EBPa, C/EBPP, C/EBPy, C/EBP6, C/EBPe and C/EBP^. The family has
an important role in the control of cellular proliferation and differentiation, inflammation,
metabolism, etc., especially in haematopoietic cells, hepatocytes and adipocytes (59).
C/EBPa is highly expressed in the adipose tissue, intestine, liver, lung, adrenal gland,
placenta and peripheral-blood mononuclear cells (39, 81). C/EBPP is highly expressed in
the liver, lung, intestine, adipose tissue, kidney, spleen and myelomonocyte (59). C/EBP5
is found in the adipose tissue, intestine and lung (81). C/EBPy and C/EBP^ are
ubiquitously expressed (59).
Mutations in C/EBP genes have been associated with a number of human
diseases. For example, mutation in the C/EBPa gene causes acute myeloid leukemia (54).
Castleman's disease and immune diseases are associated with mutations in C/EBPP (66),
(67). In addition, the control of cellular differentiation by the C/EBP family is also
apparent in other cell types such as mammary epithelial cells, ovarian luteal cells,
keratinocytes, neuronal cells and intestinal epithehal cells (39, 59). The C/EBPs are
regulated at multiple levels including gene transcription, translation, protein-protein
interactions and phosphorylation-mediated changes in DNA- binding activity, activation
potential and nuclear localization (Table 1.1).
C/EBPe was first discovered because of its relatedness to C/EBPa (81). C/EBPe
mRNA and protein are primarily expressed in myeloid and lymphoid cells (59) and its
expression increases when hematopoietic progenitors differentiate into mature
neutrophils and macrophages (82, 83). C/EBPe appears to be a pivotal regulator of

myeloid cell differentiation. C/EBPe also participates in the regulation of cytokine gene
expression in mature cells (4). Mutations in the C/EBPe gene can cause neutrophilspecific granule deficiency, a disease associated with malfunctioning of neutrophils (54).
Previous studies of the C/EBPe polypeptide identified two activation domains
(ADI and ADII) in C/EBPe (4). ADI is located at the N terminus while ADII is near the
center of the protein. Two additional regions, RDI (regulatory domain I) and RDII
(regulatory domain II) were found to act as inhibitory domains within the C/EBPe
polypeptide and contain targets for protein-protein interactions or post-transcriptional
modifications that modulate C/EBPe activity (4). (We will use refer to the RDI domain in
C/EBPe as RD for simplicity.) Similarly C/EBP|3 also contains two regulatory regions
(RDip and RDEIP) that act to repress trans-activation and evidence has been provided
that phosphorylation of RDII plays a unique role to derepress rather than to enhance the
trans-activation domain to regulate C/EBPP-dependent gene expression (37, 80). More
recently, an inhibitory domain that is functionally related to the RDI of both C/EBPe and
C/EBPP was discovered in C/EBPa and C/EBP5 (33). The RDI domain of each C/EBP
contains a conserved 5 amino acid motif (the regulatory domain motif or RDM) that is
absolutely required for RDI function (4). The RDM turns out to be a target site for
protein-protein interactions and is conserved in other inhibitory domains from c-Jun,
FosB, c-Fos and Sp3 (4).
Interestingly, the RDM is similar to the recognition sequence for attachment of
the small ubiquitin-like modifier-1 (SUMO-1), and the conserved lysine residue of each

C/EBP RDM acts as an attachment site for SUMO-1. Attachment of SUMO-1 to the
RDM in C/EBPe decreases the inhibitory effect of the RDI, implicating sumoylation as a
pivotal modulator of the activity of C/EBPe and other C/EBPs members (33).

1.3 Small Ubiquitin-like Modifier (SUMO)
SUMO is a ubiquitin-related protein that interacts with target proteins through
covalent attachment to the e amino group of a lysine residue within SUMO consensus
recognition sequence (Figurel.l) (45). Kim et al demonstrated that the SUMO-1 can be
attached to the lysine residue of the RDM of C/EBPa, C/EBPP, C/EBP5 and C/EBPe
(33). The relatedness of the consensus SUMO attachment site ((]) K X E) (45) and the
consensus RDM sequence of C/EBPs (([) K X E P) (33) is shown in Figure 1.1. There are
three members in the SUMO family, SUMO-1, SUMO-2 and SUMO-3 (45,47). Figure
L3 shows the similarity between the processes of sumoylation and ubiquitination (7)^
However, sumoylation does not target proteins to degradation in the proteasome^ Instead,
sumoylation appears to alter protein activity and localization (77)^
SUMO proteins are synthesized as precursors that must first undergo C terminal
cleavage to expose two glycine residues^ In the presence of ATP, mature SUMO is first
attached to the activating enzyme El (SAEl/2 in humans), then transferred to the
activating enzyme E2 (Ubc9)^ Although sumoylation may occur in the absence of an E3
ligation activity in vitro, the recent discovery of SUMO E3 ligating enzymes such as the
protein inhibitor of activated STAT (PIAS) proteins suggests that they are likely to be
required for efficient sumoylation in vivo (28, 29, 72)^ It is also possible that the PIAS

proteins may provide target selectivity to the sumoylation process^ Sumoylation is a
reversible reaction catalyzed by ubiquitin-like protein proteases (45)^ There are a number
of transcriptional regulatory proteins such as p53 and c-Jun that are targets of
sumoylation indicating that sumoylation may play a general role in transcriptional
regulation (45). The consequences of sumoylation appear to be dependent on the specific
target protein (45, 47). For example, in several cases, lysine-directed modifications such
as ubiquitination, sumoylation and acetylation may all target the same lysine residue(s) in
the same protein. Thus, sumoylation may prevent target proteins from being acetylatedor
ubiquitinated. In the case of IKB both ubiquitin and SUMO target the same lysine site and
SUMO modification of IKB prevents its ubiquitination and contributes to IKB
stabilization (18). Recentiy C/EBPa was found to be ubiquitinated, but the mechanism of
action of the RDM does not appear to involve preventing ubiquitination (70). Studies by
our laboratory and others have shown that the presence of the RDM does not change the
steady-state level of Gal4-C/EBP proteins, suggesting that sumoylation may not modulate
the stability of C/EBP proteins (33). Sumoylation may affect the subcellular localization
of the target proteins. For example, a number transcription factors, such as PML and
LEFl, are detected in subnuclear stmctures called nuclear bodies (22). C/EBPa and
C/EBPp are both known to localize to specific dot-like stmctures in the nucleus (45).
Although C/EBPe is also localized to specific nuclear subdomains, this localization
appears not to be affected by RDM integrity (JY Kim, unpublished observations).
Thirdly, sumoylation influences the transcriptional regulatory activity of a number of
target proteins such as androgen receptor, p53 and c-Jun, c-Myb and two members of the

histone deacetylase family (45). However, the exact mechanisms of transcription
regulation by SUMO are still unclear. Hence, characterization of the RDI of C/EBPe is
definitely helpful in understanding the functional consequences of sumoylation and can
give us important information about how sumoylation affects the activity of each of the
C/EBPs and perhaps other transcriptional activator proteins as well.

1.4 Goal of this Research
To understand the mechanism of how C/EBPs function, my research project
focuses on C/EBPe, one of the C/EBP (31) family members, which is exclusively
expressed in myeloid cells. Mutations in the C/EBPe gene cause some cases of
neutrophil-specific granule deficiency (40). We have identified a regulatory domain
called RD or RDI which negatively regulates C/EBPe activity. The function of the RD is
conserved in other C/EBPs such as C/EBPa, C/EBPp, and C/EBP5 (Figure 1.2). Within
this RD a five amino acid consensus sequence named the regulatory domain motif or
RDM (4) has been identified and it is shown in orange color in Figure 1.2^ The RDM
interestingly appears to be similar to the recognition sequence for the ubiquitin-like
protein SUMO (small ubiquitin-like modifier protein) (45)^ Preliminary studies from our
laboratory demonstrated that SUMO-1 interacts with C/EBPe by covalentiy binding to
the RDM^ This RDM-like motif also exists in many other proteins^ Most SUMO target
proteins are nuclear proteins that participate in transcriptional regulation and are
associated with human diseases including cancer^ Thus studying this RDM in C/EBPs
may provide important information about general transcriptional regulatory mechanisms^

So far the exact mechanism of how the RD of C/EBPe functions remains unclear.
A pair of models that descnbe two potential mechanisms for RD function are shown in
Figure 1.4. In the first model, the RD inhibits the activity of a linked AD by physically
interacting with it and blocking interactions between the AD and the general
transcriptional machinery. In the second model, the RD may function as the docking site
for as yet unknown inhibitory proteins that block AD function. I propose three specific
approaches to test these models.

1.4.1 Experimental Procedures
The first set of experiments addressed the validity of Model I by testing whether
the C/EBPe RD physically interacts with its activation domain.
In Figure 1.4, two models showing how the C/EBPe RD may function are shown.
Model I is based on the putative existence of intra-molecular interactions between the
activation domain and RDI within C/EBPe. The binding of other proteins to the RDM
releases the AD, leading to increased transcriptional activity of C/EBPe. In the case of
SUMO modification of the RD, this model predicts that attachment of SUMO to the
RDM would release the AD, thereby allowing the AD to access to the transcriptional
machinery and increase the expression level of the target gene. The mammalian twohybrid system was used. The RD and the AD were respectively fused to a DNA binding
domain and a transcription activation domain. Physical interaction between the RD and
the AD would help them reconstitute a functional transcription factor to regulate the
expression of the reporter gene in the two-hybrid system.

The second set of experiments further tested the validity of Model I by testing
whether the RD of C/EBPe displays AD-specificity (Figure 1.5).
In the previous studies from our lab, fusion proteins have frequently been used,
however the activation domain used in those fusion proteins, namely VP16 activation
domain and activation domains of C/EBPs, all belong to the acidic class of transcriptional
activation domains. The groupings of eukaryotic activation domains are based primarily
on amino acid content or sequence similarities. There are several distinct classes of
activation domains including acidic domains, glutamine-rich domains and proline-rich
domains (30). The critical features of acidic activation domains are a net negative charge
and the presence of a critical phenylalanine residue that plays an important role in
hydrophobic contacts in tertiary folding interactions (30). Acidic domains are potent
long-range activators, indicating that they may activate transcription of target genes
through intermediate proteins such as mediators or co-activators. Glutamine-rich domains
contain approximately 25% glutamine residues and were first identified in the
mammalian regulator protein Spl (selective promoter factor 1) (30). There are three
members of the Sp family, Spl, Sp2 and Sp3 (38). Sp3 also contains glutamine-rich
regions with similar activation functions (17).
Gin-rich domains are unable to stimulate transcription from a remote site, so it is
more possible that Gin-rich domains may mediate tianscription by directiy interacting
with or recmiting proteins closely associated with the general transcriptional machinery,
such as the TATA binding protein (TBP) or the TBP-associated factors (TAFs). Prolinerich domains were discovered in the CTF (CCAAT-binding transcription factor) /NF-1

(nuclear factor 1) proteins and contain a high proportion (-25%) of proline residues. Prorich domains are generally also weak activators of transcription from a remote site (30).
Generally, activation from enhancers may involve a basic different mechanism such as
chromatin restructuring while activation from promoter proximal sites probably involves
more direct interactions with transcriptional initiation factors. Thus it is possible that the
C/EBPe RD may exhibit specificity for a particular class of activation domain which may
provide important insight into the normal function of this inhibitory domain. If the
C/EBPe RD does not display AD-specificity and still can inhibit activation of other types
of activation domain, this would indicate that the C/EBPe RD functions by a mechanism
that is likely not to be involved direct sequence-specific interactions with an attached
activation domains. Alternatively, if the C/EBPe RD does exhibit specificity for a
particular class of activation domain, this would provide supportive evidence for direct
interactions between the RD and its linked ADs.
The third set of experiments addressed the validity of Model II in Figure 1.4 by
testing whether the RD of C/EBPe is involved in recmiting co-repressors of the HDAC
family to achieve its inhibitory regulation of C/EBPe.
Model n is based on the inter-molecular interaction between RDI and other
proteins. In this model, the RDM binding factor (RDM-BF) prevents the AD from
accessing the general transcription machinery, leading to poor expression of the target
gene. The binding of other proteins to the RDM releases this kind of block, resulting in
increased transcription activity of the target gene. Similar models have been proposed to
explain the function of the C/EBPP inhibitory domain (37, 80). In the specific situation

depicted in Model II the attachment of SUMO to the RDM is predicted to dismpt the
interactions with the as yet unknown RDM-BF. This model is consistent with data from
our laboratory, especially as the C/EBPe RD can inhibit the activity of an adjacent AD in
trans (33). Classical transcription repressor domains function by recruiting co-repressor
molecules, particulariy those with histone deacetylase (HDACs) (49) activity, to repress
target promoters. Hyper-acetylation and de-acetylation of histone tails are achieved
respectively by HAT (Histone AcetylTransferases) and HDAC (Histone DeACetylases)
enzymes. Histone hyper-acetylation correlates with relaxing of chromatin stmcture and
increased transcription, whereas hypo-acetylation correlates with higher order chromatin
folding and transcriptional repression. There are conserved and usually invariant lysine
residues in the amino-terminal domains of the histones which can interact with the
negatively charged backbone of DNA. Acetylation neutralizes the positive charge of
those lysine residues, thereby weakening histone:DNA contacts. Acetylation can also
change hi stone: hi stone interactions between neighboring nucleosomes. In addition,
interactions between histones and regulatory proteins may also be modulated by
acetylation either of histone tails or of the regulatory proteins themselves. Thus, the
higher order folding of nucleosomal arrays is generally destabilized by acetylation, and
stabilized by deacetylation. Although, it is not known whether the C/EBPe RD is capable
of recmiting HDAC proteins, they are considered as good candidates for the RDM-BF
shown in Model U in Figure L4.
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Table l.I Regulators of the C/EBP family.
Gene
Level
Activators
C/EBPa mRNA Thyroid hormone,
thiazolinediones

Repressors
EGF,
glucocorticoid,
growth
hormone, IFNY,IL-I,IL-6,
insulin, LPS,
TNF-a
EGF, PKC
activators

DBA
C/EBPP

mRNA cAMP, glucagon,
glucocorticoid, growth
hormone, IFN-y, IL-1, IL-6,
LPS, noradrenaline, NGF,
VIP
NL
cAMP, LPS, TNF-a, TPA
AP
Ca^^, IL-6, MARK activators,
PKC activators
DBA
TGF-P, EGF
mRNA
Glucocorticoid, growth
C/EBP5
hormone, IFN-y, IL-1, IL-6,
insulin, LPS, noradrenaline,
PDGF, TNF-a, VIP
NL
cAMP, TNF-a
C/EBPe mRNA Retinoic acid
C/EBPC mRNA Amino acid deprivation,
agents that cause ER-,
nutrient- and oxidative stress,
Ca^"^, nitric oxide, LPS,
prostaglandin A2, UV light
Cellular stress
AP

References
(2,15,27,35,
42,61,68,73)

(42, 43, 61)
(1-3, 13, 14, 16,
24, 44, 62, 69,
73, 84)

TNF-a
Insulin

(12, 32, 46, 85)
(48, 57, 60, 74,
79, 86)
(61)
(2,13, 14, 16,
24, 35, 60, 73,
84)
(6, 85)
(55)
(10,11,20,21,
26,41,52,53,
56,65,71,75,
76,87)
(78)

The abbreviations used are: DBA, DNA-Binding Activity; NL, Nuclear Localization; AP,
Activation Potential

11

C/EBPa
C/EBP P
C/EBP 6
C/EBP e
Consensus

I KQEP
LKAEP
LKREP
VKEEP
(]) K X E P

Consensus SUMO
attachment site

(]) K X E

Figure 1.1 Similarities between the consensus RDM and SUMO attachment sequences.
The consensus RDM sequence is based on the specific RDM sequences from each of the
C/EBPs. The consensus SUMO attachment site was derived from Melchior, F. (45).
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C/EBPe
C/EBPa
C/EBP6
C/EBP(3
Regulatory Domain Motif (RDIVI)

Figure 1.2 The CCAAT/enhancer binding protein family. The domain stmcture of four
members of the C/EBP family is depicted with regions of highest sequence similarity
between family members indicated in color. Each protein possesses a tri-partite
transcriptional activation domain at the N-terminus (ADI) and a bipartite basic
region/leucine zipper DNA binding domain (DBD) at the C-terminus. A second region
with AD functionality (ADH) is located in the middle of C/EBPa, C/EBP5 and C/EBPe.
Two regulatory domains (RDI and RDII) were first identified in C/EBPp (80). RDI-like
domains are also present in each of the other C/EBPs and the position of a conserved five
amino acid motif (the regulatory domain motif, RDM) in each protein is indicated.

13

Processing
Modifier

Carboxy-terminal
hydrolase

^^^w ^^ ^^ '^

Ubiquitin

SUIVIO

Conjugation
[Mature

Activating
enzyme El

Activating
enzyme E2

Ligating
enzyme E3

Substrate

'^

y

ATP

o
UBA1

UBCs

Many

A0S1/
UBA2

UBC9

PIAS1

ATP

Figure 1.3 Comparison between ubiquitination and sumoylation. Both ubiquitin and the
SUMO proteins are synthesized as precursors that must be processed to yield the mature
polj^eptide. Attachment of each protein to target proteins involves a three-step, energyrequiring process.
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Model 1
Intramolecular Interactions

Model 2
Intermolecular Interactions

RDM BF

SUMO-1

SUMO-1

SUMO-1

SUMO-1

Figure 1.4 Models for RDM function. Model I shows the C/EBPe RD physically interacts
with the linked AD and inhibits the AD activity. Model n shows the C/EBPe RD recmits
the RDM-BF as a co-repressor and inhibit the activation of the AD.
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Gal4(DBD)-Gln/Pro-rich(AD)-C/EBPe(RD)

Reporter
Protein

Luciferase
Assay

Figure 1.5 ADs specificity assessment for the C/EBPe RD. Fusion proteins containing
ADs from different classes along with the C/EBPe RD were expressed in COS-1 cells.
Inhibition effect of the C/EBPe RD on ADs was assessed by measuring the activity of the
reporter proteins using luciferase assay.
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CHAPTER II
MATERIALS AND METHODS

2.1 CeU Culture
The COS-1 monkey kidney cell line was maintained in Dulbecco's modified
Eagle's medium (DMEM, BioWhittaker, Walkersville, MD) supplemented with 10%
fetal bovine serum (FBS, HyClone, Logan, UT), penicillin and streptomycin. The cell
lines were maintained in a humidified atmosphere containing 5% CO2 at 37 °C.

2.2 Transient Transfections and Luciferase Assays
COS-1 cells were plated at 4 x 10"^ cells per well in a 24-well dish the day before
transfection. Effectene Transfection Reagent (QIAGEN, Valencia, CA) was used to
transfect plasmid DNA into COS-1 cells under optimized conditions based on the
protocol provided by the manufacturer. These optimal conditions include the use of 50%
of the recommended volume of Effectene reagent as this yields a higher transfection
efficiency in this cell line. Transfections that examined the activity of Gal4 fusion
proteins contained 100 ng of the GaI4 expression plasmid and 100 ng of the Gal4responsive reporter plasmid (GSElbLuc) (Promega, Madison, WI). There was 2^5 ng of
Prl-TK (a luciferase vector containing the Herpes Simplex Vims thymidine kinase
promoter upstream of the Renilla (5) luciferase gene) included in each transfection as a
transfection efficiency control Firefly (8) and Renilla luciferase activities were measured
using the Dual-Luciferase Assay Kit (Promega)^ Each transfection was performed in
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triplicate at least three times or in duplicate at least five times. A two-tailed Student's ttest was used for statistically analysis of the data.

2.3 Total, Nuclear and Cytoplasmic Protein Extraction
Nuclear and cytoplasmic proteins were extracted from transfected COS-1 cells as
described previously (9). Briefly, COS-1 cells were washed twice in PBS (phosphate
buffered saline (8 % NaCl, 0.2 % KCl, 1.15 % Na2HP04-7H20 and 0.2 % KH2PO4))
solution containing lug/ml of the E-64 isopeptidase inhibitor (Roche, Indianapolis, IN).
Cell were lysed in Dignam Buffer A (10 mM HEPES (pH 7.9), 1.5 mM MgCl2,10 mM
KCl, 0.5 mM DTT, 0.1% NP-40 and 0.5 mM PMSF) (19), supplemented with 10 ug/ml
E-64. After keeping cells on ice for 20 minutes, samples were drawn through a 26-gauge
needle of a 1ml syringe 8-10 times to lyse the cells. Then samples were then spun at full
speed 14,000 x g for 20 seconds at room temperature in a microcentrifuge. The
supernatant, which consists of a cmde cytoplasmic fraction, was removed to a fresh tube^
The pellet was resuspended in Dignam Buffer C (20 mM HEPES (pH 7^9), 25% glycerol,
0.42 M NaCl, 1.5 mM MgCb, 0.2 mM EDTA, 0^5 mM PMSF and 0^5 mM DTT) and
was rotated at 4 °C for 20-30 minutes^ The samples were then centrifuged at full speed
14,000 X g for 3 minutes and the supernatant containing a cmde nuclear extract was
coUected^ Whole cell extracts were prepared from transfected COS-1 cells after ultrasonic
dismption^ Washed cells were resuspended in Modified Dignam Buffer A was used
containing 0^5 % Nonidet P-40 neutral detergent and 2 mM PMSF (phenyl methyl
sulfonyl fluoride) proteinase inhibitor^ COS-1 cells were sonicated for 1 minute and
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centrifuged for 10 minutes under 14,000 x g. The supernatant was collected and stored at
-80 "C.

2.4 Western Blot Analysis
Total cellular, cytoplasmic or nuclear proteins were prepared from COS-1 cell
lines 48 hours after transfection and were separated by 12% SDS-PAGE gels. The
proteins were then transferred to nitrocellulose membranes (Micron Separations,
Westborough, MA). The nitrocellulose membranes were blocked in PBST (PBS with
0.2% Tween-20) solution supplemented with 4% Carnation non fat dry milk (Carnation,
Los Angeles, CA). Western blots were probed for two hours with a mouse monoclonal
antisemm (1:500 dilution in PBST) that recognizes the Myc epitope (Santa Cmz, CA) or
Anti-Gal4 (Santa Cmz, CA) (1:350 dilution in PBST). The membranes were then washed
three times in PBST solution containing 1.5% Carnation non fat dry milk and incubated
with horseradish peroxidase-conjugated goat anti-mouse IgG (Promega) (1:5,000
dilution in PBST) for 1 hour. The membranes were washed three more times with PBST.
The SuperSignal chemiluminescence detection kit (Pierce) was used to detect the
immune complexes formed on the membrane. Lnmune complexes were detected by
exposing membranes to autoradiographic film.

2.5 Plasmid Constmcts
Mammalian Two-Hvbrid Plasmids^ To generate pACT-C/EBPeAD(l-64)
constmct, C/EBPeAD(l-64) was released from GalO-Gal4-C/EBPeAD(l-64) plasmid
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with a BamH I and Nco I double digestion and the overhangs were blunted using the
Klenow fragment of DNA Polymerase I. The C/EBPeAD(I-64) fragment was then
inserted into the EcoR V restriction site located in the pACT (Promega) vector multiple
cloning region.
Gal4 Plamsids. All expression plasmids containing the Gal4 DBD were
constructed in the GalO plasmid. The generation of the Gal0-Gal4 fusion vectors bearing
the N-terminal regions of C/EBPe was described previously (4, 78). Sp3AD(6-426) and
CTFl AD(354-499) were prepared from PCR reaction with their respective PCR primers
designed to insert a Bglll restriction site at the 5' end and a BamHI restriction site at the
3' end. The primers are shown as follows with the restriction sites underlined:
CTFl AD primerl:

GACGGCAGATCTCGGGATCGCCCGGAGCCCT

CTFIAD primer 2:

GACGGCGGATCCGGTCCCAGATACCAGGACTG

Sp3AD primer 1:

GACGGCAGATCTGCCGGGCGACGACGAGGAG

Sp3AD primer 2:

GACGGCGGATCCACTTGACCAAGTGTGAGGGT

The template for Sp3AD was PSTP18-Sp3FL (34) from Dr. Guntram Suske in the
Institut fiir Molekularbiologie und Tumorforschung Philipps-Universitat Marburg,
Germany. The template for CTFIAD was pAACTFl (58) from Dr. Beato in the Listitut
fur Molekularbiologie und Tumorforschung (IMT), Philipps-Universitat, E^-MannkopffStr^ 2, D-35033 Marburg, Germany^ Sp3AD(6-426) and CTFlAD(354-499) were both
inserted into pGEM-T Easy Vector to generate pGEM-T Sp3AD(6-426) and pGEM-T
CTFlAD(354-499) constmcts^ Sp3AD(6-426) and CTFlAD(354-499) were respectively
released from pGEM-T Sp3AD(6-426) and pGEM-T CTFlAD(354-499), and partial
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digestions with Bgl II and BamH I were peri^ormed to obtain full length Sp3AD(6-426)
and CTFl AD(354-499) inserts. BSKS-Gal4-VP16 was digested with Bglll and BamHI to
remove the VP16 AD sequences and yield a BSKS-Gal4 linear vector. Sp3AD(6-426)
and CTFl AD(354-499) fragments were then inserted between the Bglll and BamHI sites
to generate BSKS-Gal4- Sp3AD(6-426) and BSKS-Gal4-CTFlAD(354-499) constructs.
C/EBPeRD(64-128)wt (wild type regulatory domain) and C/EBPeRD(64-128)m
(mutated regulatory domain in which Lysine 121 was changed to alanine) were
respectively released from pUC-112N- C/EBPeRD(64-128)wt plasmid and pUC-112NC/EBPeRD(64-128)m plasmid with Bglll and BamHI double digestions. The BSKSGal4-C/EBPeRD(64-128)wt and BSKS-Gal4-C/EBPeRD(64-128)m constructs were
generated by inserting the C/EBPeRD(64-128)wt and C/EBPeRD(64-128)m fragments
into the same Bglll and BamHI sites in the BSKS-Gal4 linear vector.
Sp3AD(6-426) and CTFlAD(354-499) previously released from pGEM-T
Sp3AD(6-426) and pGEM-T CTFlAD(354-499) were respectively inserted into the Bglll
restriction site in BSKS-Gal4-C/EBPeRD(64-128)wt and BSKS-Gal4-C/EBPeRD(64128)m vectors to generate BSKS-Gal4-Sp3AD(6-426)-C/EBPeRD(64-128) andBSKSGaI4-CTFlAD(354-499)-C/EBPeRD(64-128) as well as the mutant forms of each
plasmid.
In the final step, GaI4-Sp3AD(6-426), Gal4-Sp3AD(6-426)-C/EBP8RD(64128)wt, Gal4-Sp3AD(6-426)-C/EBPeRD(64-128)m, Gal4-CTFlAD(354-499), Gal4CTFlAD(354-499)-C/EBPeRD(64-128)wtandGal4-CTFlAD(354-499)-C/EBPeRD(64-
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128)m were all released from their respective BSKS vectors with Hindlll andXbal
double digestions and then inserted into Hindlll and Xbal restriction sites located in the
GalO vector multiple cloning region. Thus, we get Gal0-Gal4-Sp3AD(6-426), Gal0-Gal4Sp3AD(6-426)-C/EBPeRD(64-128)wt, Gal0-Gal4-Sp3AD(6-426)-C/EBPeRD(64-128)m,
Gal0-Gal4-CTFlAD(354-499),Gal0-Gal4-CTFlAD(354-499)-C/EBPeRD(64-I28)wt
and Gal0-Gal4-CTFlAD(354-499)-C/EBPeRD(64-128)m constmcts.
The G5ElbLuc vector containing five Gal-4 binding sites upstream of a minimal
TATA box which is in turn upstream of the firefly luciferase gene was described
previously (80).
The resultant constmcts were sequenced on a PE Biosystems 310 Genetic
Analyzer (Perkin Elmer) at the Texas Tech University Biotechnology Center and all
primers purchased from Midland Certified Biotechnology, Inc. (Midland, TX).

2.6 Ni-Affinity Chromatography
The principle of the Ni-Affinity Chromatography is based on the interaction
between Ni-NTA and the 6xHis-tagged proteins. The 6xHis-tagged proteins were
expressed in COS-1 cells and purified under native condition using Ni-NTA Magnetic
Agarose Beads (Qiagen). The manufacturer's procedure described in the Ni-NTA
Magnetic Agarose Beads Handbook was folIowed^ Non-specific binding to Ni-NTA by
non-His-tagged proteins was minimized by including a low concentration of imidazole in
the lysis and wash buffers. Specifically, the concentrations of imidazole in lysis, wash
and elution buffers were 10 mM, 20 mM and 250 mM, respectively.
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CHAPTER III
RESULTS

3.1 Mechanisms of Transcriptional Regulation by
the C/EBPe Regulatory Domain
3.1.1 Assessment of Physical Interactions between
the RD of C/EBPe and Linked Activation Domains
The first model of RD function shown in Figure 1.4 suggests that physical
interactions between the RD and a linked activation domain may directiy inhibit the
function of the activation domain. Two experimental approaches were undertaken to test
this model. First, a mammalian two-hybrid assay was performed to test whether the
C/EBPe RD and AD could physically interact and reconstitute a functional transcription
factor. Second, the ability of the C/EBPe RD to inhibit the function of different classes
of AD was tested.
Mammalian two-hybrid assay. The basic theory behind any two hybrid assay is
predicated on the concept that transcription factors are generally modular in stmcture.
This property permits the shuffling of functional domains within a given polypeptide
stmcture, or between proteins without loss of function. In the two hybrid assay, two
domains that potentially interact are located on two different proteins, one that also
contains a DNA binding domain (DBD, from the yeast transcriptional activator, Gal4, in
this case) and another that also contains a TAD (from the Herpes Simplex vims VP16
protein)^ Physical interactions between these two chimeric proteins would therefore
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reconstitute a functional transcriptional activator capable of activating promoters that
contain Gal4 binding sites.
Several expression vectors were constructed to perform these two-hybrid assays.
Two plasmids encoding Gal4 fusion proteins containing one or three copies of either the
wild-type C/EBPe RDI (amino acids 64-128) or a mutant version with an inactivating
mutation that converts lysine 121 to alanine were constructed. A third plasmid
expressing a fusion between the C/EBPe AD and the VP16 AD was also constmcted to
express a potential interacting partner for the Gal4 fusion proteins.
Each Gal4 fusion plasmid was co-transfected into COS-1 cells either alone or in
combination with the AD fusion plasmid along with a luciferase reporter plasmid bearing
five Gal4 binding sites. Several controls were performed to assess the specificity of any
measured interactions (Figure 3.2). As a negative control, the Gal4 DBD was expressed
along with the VP16 AD to provide a background value when no interactions occur. Two
positive controls were also used. First, the activity of a single protein consisting of a
direct fusion between the Gal4 DBD and the VP16 AD was assessed. Second, fusion
proteins containing domains from a pair of proteins known to interact (the myogenic
regulator MyoD and an inhibitory protein named ID-1) (25) were also used. As expected,
transfection containing both positive controls yielded high luciferase activities. Several
transfections were also performed to test interactions between the C/EBPe domaincontaining proteins (Figure 3.2). In all repetitions of these transfections, the luciferase
values were never above background, indicating that physical interactions between the
C/EBPe RDI and AD domains did not appear to occur in this experiment.
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At this stage, one potential concern exits about the results from the preceding
experiments. Since the RDI domain of C/EBPe is capable of inhibiting both the ADs
from C/EBPe and VP16 (33), it is possible that this inhibitory effect could also be
observed if these domains were to physically interact in the fusion proteins described
above. To address this possibility, a second set of experiments were performed to
examine whether the RDI and AD domains physically interact.
In these experiments, Ni-affinity chromatography was used to directiy assess the
putative interaction between these two domains. A new set of fusion plasmids capable of
expressing the wild type and mutant RDs from C/EBPe were constmcted in pcDNA3.1
MycHisB. This plasmid directs the expressing of proteins with an attached Myc epitope
tag for immunological detection and a polyhistidine tail for purification. These plasmids
were transfected into COS-1 cells either alone or in combination with a plasmid
expressing a Gal4 DBD-C/EBPe AD (Gal4-eAD(l-64)). Protein extracts from transfected
COS-1 cells were prepared both prior to and after Ni-chromatography, and individual
western blotting was carried out using two different antibodies that recognize either the
Gal4 DBD or the Myc epitope. Western blotting of extracts prior to Ni-chromatography
was performed to confirm that the exogenous proteins were expressed and after
chromatography to detect potential interacting proteins. The general strategy undertaken
is shown in the following diagram.

25

Co-transfection with eRD(64-128)3 and

Co-transfection with eRD(64-128m)3

Gal4-eAD(l-64)

and Gal4-eAD( 1-64)

Protein extract

Protein extract

Western blotting

Perform 'Ni'

Western blotting

Perform 'Ni'

using anti-Myc

chromatography

using anti-Myc

chromatography

and anti-Gal4 to

to purify

and anti-Gal4 to

to purify

test the presence

eRD(64-128)3

test the presence

eRD(64-128m)3

of wild type Myc-

of mutant Myc-

tagged protein and

tagged protein and

GaI4-protein in

Gal4-protein in

the protein extract

the protein extract

Perform western

Perform western

blotting using

blotting using

either the anti-

either the anti-

Gal4 or anti-Myc

GaI4 or anti-

antisera.

Myc antisera^

Figure 3^1 General strategy in the Ni-affinity chromatography experiments
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The possible results from these experiments are based on the potential for
physical interactions between the C/EBPe RDI and AD and are shown in the following
table.
Table 3.1 Two possible results of the C/EBPe RDI and AD interaction experiment.
1. Anti-Gal4
Wild type
No interaction b/t AD and RD
Interaction b/t AD and RD

+

Mutant

2. Anti-Myc
Wild type

Mutant

+

+

-1-

-1-

The abbreviations used are: Anti-Gal4, antibodies that recognize the Gal4 DBD; AntiMyc, antibodies that recognize the Myc epitope.
Western blotting was initially performed on separated nuclear and cyctoplasmic
extracts from transfected cells to determine the subcellular location of the ectopically
expressed proteins. The Gal4-eAD(l-64) protein was predominantly localized to the
nucleus, although some protein was also detected in the cytoplasm (Figure 3.3A). This
was expected as the Gal4 DBD contains a functional nuclear localization sequence (NLS)
(64). However, the Myc-tagged RD-containing proteins were only detected in the
cytoplasm, reflecting the lack of an NLS in these proteins (Figure 3.3B)^ Therefore, the
interaction studies were performed using whole cell lysates from transfected cells, rather
than nuclear extracts as first planned^
Western blotting of whole cell lysates from transfected cells indicated that all
proteins were expressed (Figure 3^4, 'Input' panel). Western blotting of eluates from the
nickel column revealed efficient purification of the tagged RD-containing proteins, but
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failed to detect the Gal4-eAD(l-64) protein. These data further indicate that the RDI and
AD domains from C/EBPe do not physically interact, at least under the conditions used in
this experiment.

3.1.2 Examination of TAD-specificity of the C/EBPe RD
In our previous studies, the C/EBPe RDI inhibited the function of fusion proteins
containing the transcriptional activation domains from both C/EBPe and VP16 (33). Both
of these TADs belong to the general class of acidic amino acid-rich TADs, therefore
these data could be interpreted to indicate that the C/EBPe does not display TADspecificity, or that it is specific for acidic TADs. To address this question, the ability of
the C/EBPe RD to inhibit TADs from other classes has been investigated. For these
studies, the TADs from the transcriptional activators CTFl and Sp3, that contain TADs
classified as proline-rich and glutamine-rich, respectively, were chosen (17, 34). Gal4
DBD-based expression plasmids containing each AD, either alone or attached to the wild
type or mutant C/EBPe RDI, were constmcted. The transcriptional activity of each
fusion protein was tested by co-transfection with a Gal4-dependent luciferase reporter
plasmid in COS-1 cells.
The composition of each fusion protein is shown in Figure 3.5 along with the
relative activity of each protein in transfected COS-1 cells. In panel A, the relative
activity of each TAD was compared and revealed that the VP16 TAD was approximately
8-fold more potent than either the Sp3 or CTFl TAD. The C/EBPe RD was capable of
inhibiting each TAD to a similar degree (Figure 3.5B) and this effect was dependent on
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the integrity of the RDM. These data show that the C/EBPe RD is capable of inhibiting
the activity of linked TADs of three different classes, indicating that physical interactions
between the AD and the RD are unlikely to underiie the inhibitory effect of this domain.

3.2 Assessment of Candidate RDM-RF.s
As the data descnbed above did not support the first model for RD function, the
next set of experiments addressed the identification of putative RDM binding factors
(RDM-BF) depicted in Model II. Previous publications from our lab showed that the RD
of C/EBPe is capable of inhibiting its AD in trans (33) and we have also identified
SUMO-1 as one candidate RDM-BFs (33). In addition, SUMO-3 binds to the RDM of
C/EBPa (70). However, the available data indicate that the attachment of SUMO proteins
to the RDM is an activating modification and thus it appears likely that additional
proteins may bind this domain and contribute to its negative function. The initial focus of
these studies was on members of the histone deacetylase (HDAC) of proteins as these
proteins have been implicated in mediating the effects of transcriptional inhibitory
domains, including some that possess RDM-like sequences (33).

3.2^1 Assessment of HDAC Effects on C/EBPe activity
Histone deacetylases (HDACs) are commonly recmited to repressor domains of
transcription factors and decrease transcription by catalyzing the removal of acetyl
groups from histone tails or from other DNA-bound proteins^ Trichostatin A (TsA) is an
antifungal antibiotic that is a potent and specific inhibitor of mammalian histone
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deacetylase (HDAC) both in vivo and in vitro and is commonly utilized to test whether
HDAC activity associated with a protein of interest. Therefore, the effects of TsA on the
activity of the C/EBPe RD were tested. The basic approach was to examine the effect of
TsA treatment on the activity of various Gal4-C/EBPe fusion proteins on the G5ElbLuc
reporter plasmid after transfection into COS-1 cells. Different concentrations of TsA
were used to determine the optimal concentration to use to observe reproducible effects
on Gal4 fusion proteins. A plasmid expressing the Gal4 DBD alone was used to test
whether TsA effects were mediated through this domain. In addition, the effects of TsA
on the G5ElbLuc plasmid were measured to account for non-specific effects on the target
promoter. A positive control derived from the SHARP-1 protein was initially used as the
C-terminal region of SHARP-1 contains an inhibitory domain known to recmit HDACs
in neuronal cells (23) that is sensitive to TsA treatment. Unfortunately, SHARP-1 activity
was not affected in our assays and thus was omitted from this study. It is possible that
the TsA sensitivity of SHARP-1 is cell type-specific and thus was not observed in the
kidney cells used in these transfections.
Gal4 fusion proteins containing amino acids 1-128 of C/EBPe (either the wild
type sequence or one in which the lysine of the RDM was changed to alanine) were cotransfected with G5ElbLuc into COS-1 cells and TsA was added to the cell medium right
before transfection. Luciferase activity was measured after a subsequent 48 hours. Each
transfection was performed in triplicate and the experiment was repeated three times.
The data from these three experiments were averaged and are presented in Figure 3.6.
TsA treatment had only minor effects on the activity of the Gal4 DBD alone or the
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luciferase reporter alone. However, a significant increase in the activity of both G4C/EBPe (1-128) and G4-C/EBPe (l-128m) was observed at the higher concentration of
TsA, with only a slight difference observed between the wild type and mutant protein.
These data provide the first evidence that HDAC activity is associated with a member of
the C/EBP family, but suggest that the integrity of the RDM is not crucial for HDAC
recruitment.
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Figure 3.2 Assessment of interactions between the C/EBPe RD and AD using a
mammalian two-hybrid assay^ A series of fusion proteins containing either the Gal4 DNA
binding domain (DBD) or VPI6 transcriptional activation domain (AD) were constmcted
containing the indicated domains from CfEBFe. Control plasmids expressing fusion
proteins containing the myogenic regulator MyoD or its inhibitor ID-l were used as
positive controls^ In addition, a protein consisting of a direct fusion between the
Gal4DBD and VP16AD was also used as a control. The indicated proteins were coexpressed in COS-1 cells and their activity was measured using a Gal4-responsive
reporter plasmid. The activity observed in all co-transfections involving C/EBPe
domain-containing proteins was below the background level, while both positive controls
yielded activity measurements significantly above background. Thus the C/EBPe RD
and AD appear not to functionally interact in this assay.
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Figure 3.3 Western analysis of proteins used for direct interaction assays. Plasmids
expressing the indicated proteins were transfected into COS-1 cells and nuclear and
cytoplasmic extracts were prepared. The proteins were separated on SDSpolyacrylamide gels and transferred to nitrocellulose membranes. The membranes were
probed with antisera specific for either Gal4 (A) or the myc epitope (B). The position of
the overexpressed proteins is indicated with an arrowhead on the left of each panel and of
molecular weight markers on the right^
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Figure 3.4 Assessment of interactions between the C/EBPe RD and AD^ The indicated
proteins were co-expressed in COS-1 cells and whole cell lysates were prepared. The
level of expression of each protein was assessed by Western blotting of the input samples
using either the anti-Myc or anti-Gal4 antisera. The lysates were then subjected to NiNTA column chromatography and again subjected to Western analysis using the same
two antisera. Although the polyhistidine-tagged C/EBPe RD proteins were efficiently
purified (lanes 4 and 5, upper panel) the Gal4 C/EBPe (1-64) protein was not detected,
suggesting that these proteins do not physically interact under these conditions.
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Figure 3.5 The C/EBPe RD does not display activation domain specificity. A series of
Gal4 fusion proteins containing combinations of three TADs from VP16, CTFl and SP3
and wild type and mutant versions of the C/EBPe RD were generated and tested for
activity on a Gal4-responsive luciferase reporter plasmid. The intrinsic activity of each
TAD is shown in panel A while the effects of attachment of the C/EBPe RD sequences
are shown in panel B. In each case, the activity of the Gal4-AD fusion protein was
normalized to 100 to allow direct comparison. The wild type C/EBPe RD was capable of
inhibiting the activity of each linked AD and this inhibitory function was dependent on
the integrity of the RDM.
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Figure 3.6 Assessment of HDAC requirements for RDM-dependent inhibition. The
indicated proteins were expressed in COS-1 cells and the effect of increasing amounts of
Trichostatin A (TsA) on their activation of a Gal4-responsive reporter plasmid was
measured. A set of transfections with no added Gal4 protein was also performed to
account for any non-specific effects of TsA on the reporter plasmid. The activity
measured in the absence of TsA each set of transfections was set as one in the small panel
to allow direct comparison of TsA effects among the different proteins. Consequently, the
effect of the RDM mutation in G4-C/EBPe (l-128m), which is actually 10-25 fold more
active than the wild type protein, is not apparent in this figure.
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CHAPTER IV
DISCUSSION

The overall goal of this study was to examine the mechanism by which the RD of
C/EBPe regulates its activity. Previous studies revealed that the RD efficientiy inhibits
C/EBPe activity and that functionally related inhibitory domains were conserved in three
other C/EBP family members, C/EBPa, C/EBPp and C/EBP5 (33). Within the RD of
each protein, a five amino acid motif termed the RDM was absolutely required for RD
function and served as a target site for protein-protein interactions. Two models were
designed to explain the function of the RD. In model I physical interactions between the
RD and a linked AD inhibited the activity of the AD, and this repressive effect could be
reversed by post-translational modification of the RDM, presumably by the small
ubiquitin-like modifier family of ubiquitin-like proteins. We refer to this process as
repression through de-activation. Model U assumes that as yet unidentified inhibitory
proteins (referred to as RDM-BFs) interact with the RD and inhibit C/EBPe activity in
trans. Experiments were designed to address the validity of the two models. Three main
conclusions can be derived from our data: (1) the RD and AD do not appear to physically
interact; (2) the RD can inhibit the activity of ADs from three different classes; (3) the Nterminal region of C/EBPe is sensitive to the general HDAC inhibitor, TsA but this does
not depend on the integrity of the RDM.
We first used the mammalian two hybrid system to test if the RD and the AD
interact as depicted in Model I. No significant interactions between the RD and AD were
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observed in several independent experiments, suggesting that there is no obvious
interaction between these two domains. However, as this represents negative data, we can
not completely define that interaction between the RD and the AD does not actually exist.
In addition, there is one possibility why this assay might not have worked even if the two
domains interacted physically. The RD is already known capable of inhibiting both the
ADs from C/EBPe and VP16 (33). Hence, it is possible that in the two-hybrid assay as
designed this inhibitory effect could also be observed if the RD interacts with either the
C/EBPe or VP16 AD and inhibits the second AD in the chimeric target in trans. There is
one more reason that we tried to confirm the result using a second experimental
approach. Kowenz-Leutz et al. previously detected interactions between similar domains
in C/EBPP using a yeast two-hybrid assay (37). Thus, we carried out a further set of
experiments using Ni-Affinity Chromatography to attempt to directly detect physical
interactions between the AD and RD. Again, the data showed no interaction between the
RD and the AD. Therefore, the function of the RD appears not to involve the physical
interaction with the AD. This conclusion is based on the experiments performed here but
is also supported by previous data showing that the RD can inhibit the AD both in trans
and in cis (33).
AD-specificity experiments were carried out to address the validity of Model I
from a different view, which could give us supportive information about the relationship
between the RD and the linked AD and help us better clarify the mechanism of the RD
function. Previous studies implied that the function of the RD depends on a specific
amino acid sequence (the RDM) that presumably makes sequence-specific contacts with
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other domains or proteins. One prediction of Model I would be that such sequencespecific contacts may exist between the RD and AD. The ability of the C/EBPe RD to
inhibit both the ADs from C/EBPe and VP16 could also be explained by this model as
they belong to the same general class of transcriptional activation domains, with both
being defined as acidic ADs. By extension, we reasoned that such contact should not be
formed with ADs from other classes that would not be expected to display significant
sequence similarity to acidic ADs. Therefore, we tested whether the RD could inhibit
linked ADs from two other classes, a glutamine-rich domain from SP3 and a proline-rich
domain from CTFl. The experimental data show that the activities of the ADs from
different classes were also inhibited by the RD. Once the RD was mutated, the inhibition
of the activity of the linked AD was released. Thus we conclude that the RD does not
display AD specificity when acting as an inhibitory domain.
We did note that the inhibition of the proline-rich AD from the CTFl protein was
slightly less potent that inhibition of either the acidic AD from the VP16 protein or the
glutamine-rich AD from the Sp3 protein. This may be due to the fact that activation
domains from specific proteins such as Sp3 or CTFl may have some inherent specificity
and thus may not be tmly representative of that type of activation domains. However, it
should be noted that classification of activation domains based on the most common
amino acid present is somewhat artifactual Grouping on the basis of biochemical
functions or the three-dimensional stmctures of the activation domains would be more
helpful, but so far biophysical descriptions of the stmcture of activation domains are
lacking^ In fact there are some biophysical data available indicating that these domains
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are largely unstructured in solution as isolated proteins (51). Molecular models
constructed on the basis of NMR or X-ray crystallographic analyses have not yet been
described for activation domains. Therefore, in light of the absence of firm stmctural
data, the selection of activation domains on the basis of their amino acid composition
represents the best approach available at present.
Model II assumes that the mechanism of the RD function is through the intermolecular interaction between the RD and some unidentified RDM-BFs. The RDM of
C/EBPe has already been identified as a site for covalent attachment of the SUMO-1
protein. Sumoylation of the lysine residue within the RDM positively regulates the
activity of C/EBPe. If Model II is correct we would predict that SUMO attachment would
activate C/EBPe by displacing an inhibitory RDM-BF. However, the actual mechanism
by which SUMO attachment regulates C/EBPe remains unclear due to the lack of
knowledge concerning the identity of the putative RDM-BF. Therefore, we examined one
class of candidate RDM-BFs, the histone deacetylases (HDACs). To assess the potential
contribution of HDACs to RD function, we examined the effects of the general inhibitor
of HDAC activity, TsA, on the activity of Gal4-C/EBPe fusion proteins. Interestingly,
we found that the activity of a fusion protein bearing the first 128 amino acids of C/EBPe
was increased by TsA treatment, implicating HDACs as regulators of C/EBPe. However
the effect of TsA treatment was also observed on a fusion protein in which the lysine
residue of the RDM was changed to alanine.
These data provide the first experimental evidence that the activity of C/EBPe is
controlled by HDAC proteins although further experiments must be performed to identify
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the specific HDAC family member(s) involved. The fact that the inhibition function of
both the wild type RD and the mutant RD was affected by TsA treatment suggests that
there are other motifs in C/EBPe that are involved in recmiting HDACs either by acting
as anchoring sites for HDACs or through an indirect mechanism. These potential motifs
are located within the N-terminal 128 amino acids of C/EBPe although it seems likely
that they may be located in the RD instead of the AD. Future studies are cleariy necessary
to define the contribution of HDACs to C/EBPe function. These will include both
experimental mapping of HDAC-interacting motifs as well as searches of the literature
for a consensus sequence for HDACs recmitment that may be in C/EBPe as well as in
other C/EBP proteins. In addition, more candidate RDM-BFs must be examined. These
include the PIAS family of proteins as they have been identified as inhibitors of
transcription factor activity (63) as well as possessing the capability of functioning as E3
ligases for the SUMO pathway (36, 50). Furthermore, other mechanisms such as
phosphorylation of the RD in C/EBPe also need to be explored.
In summary, these experiments have increased our understanding of the
mechanism of action of the C/EBPe RD. By extension these data will provide vital
information concerning the mechanisms by which sumoylation affects the activity of
each of the C/EBPs and perhaps other transcriptional activator proteins. Also, unexplored
domains in C/EBPe could possibly be involved in recmiting HDACs as co-repressors to
affect the activity of C/EBPe.
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