ABSTRACT
RHO, HELEN YOUNG. Regulation of HNF-1α by DCoH and Dyrk 1B: Equilibrium
Unfolding Studies of DCoH and Characterization of an Active Dyrk 1B Construct.
(Under the direction of Robert Bennett Rose).

HNF-1α is a transcription factor which plays very important roles in the
regulation of insulin synthesis and secretion as well as cellular metabolism. Mutations in
this protein result in a familial form of diabetes. Regulation of HNF-1α is mediated
through protein-protein interactions and post-translational modifications. Our interest in
HNF-1α prompted the study of two of its regulators, dimerization cofactor of HNF-1α
(DCoH) and the dual specificity tyrosine regulated kinase 1B (Dyrk 1B). DCoH
enhances the transcriptional activity of HNF-1α through protein-protein interactions.
Phosphorylation of HNF-1α by Dyrk 1B also enhanced HNF-1α activity.
Regulation of HNF-1α by DCoH provides a unique example of a molecular
switch in which the same interface is used to generate two distinct complexes. DCoH is a
bifunctional protein whose effects are spatially partitioned in vivo. DCoH interaction
with HNF-1α enhances HNF-1α’s transcriptional activity in the nucleus. In the
cytoplasm, DCoH functions as a dehydratase which aids in the regeneration of
tetrahydrobiopterin, a cofactor necessary for aromatic amino acid metabolism. The same
interface of the DCoH dimer is utilized to form the complex with an HNF-1α dimer or a
DCoH homotetramer. Two homologues of DCoH, DCoH1 and DCoH2, share 65%
sequence identity and exhibit nearly identical folds. However, they differ in their

propensities to interact with HNF-1α. DCoH1 has to co-fold with HNF-1α in order to
interact while DCoH2 will interact with HNF-1α upon mixing. We characterized the
interface through x-ray crystallography and chemical denaturation. We demonstrate that
the DCoH1 homotetramer unfolding is very slow, indicating it is not thermodynamically
stable, as previously thought. Rather, it is kinetically trapped. In contrast, DCoH2
unfolding is reversible. In order to study this difference, we introduced a point mutation
to the DCoH1 dimer-dimer interface to resemble DCoH2. The DCoH1 mutant unfolded
reversibly. The structure revealed an ordered water at the interface as in the DCoH2
structure which enhances the rate of unfolding. Unfolding analysis resembled a two-state
model with an indication of a dimer intermediate. This implies that formation of the
DCoH1/HNF-1α complex must occur upon folding in the cytoplasm.
Dyrk 1B has multiple involvements in cellular processes such as cancer and cell
cycle regulation, cell motility, and transcriptional regulation. The interaction of DCoH
with Dyrk 1B was first identified through yeast two-hybrid analysis. Dyrk 1B also
phosphorylates and enhances the activity of HNF-1α. Full-length Dyrk 1B degrades
readily through a C-terminal PEST domain. In order to study the activity of Dyrk 1B, we
identified an active, stable kinase domain. Two constructs of the kinase domain were
tested for activity using peptide substrates, HNF-1α, and a DCoH/HNF-1α fusion protein.
DCoH enhanced phosphorylation of HNF-1α by Dyrk 1B, presumably by tethering Dyrk
1B to HNF-1α through the DCoH/Dyrk 1B interaction. Comparison of the kinase assays
of the two constructs indicated that a significant portion of Dyrk 1B autophosphorylation

occurred in the C-terminal region. The more stable active kinase construct was
crystallized under several different conditions. This construct will provide the basis for
further characterization of Dyrk 1B activity.
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CHAPTER 1: Literature Review

1

Diabetes is a major health problem. According to the American Diabetes
Association, 7.8% of the American population (~23.6 million adults and children) have
diabetes. Sadly, almost 25% of them are not even aware that they have this disease. While
patients have a great deal of control over the progression of the disease and a wide variety of
successful treatments are available, diabetes can still lead to major health problems and
contributes to the high cost of health care. Diabetes has both genetic and environmental
determinants. In general, the genetic susceptibility to diabetes is not well understood. While
my other research projects also included E47 and Siah2, in this dissertation, I discuss
transcriptional regulation in molecular diabetes specifically focusing on protein-protein
interactions of an important transcription factor, HNF-1α, and transcriptional regulation by a
bifunctional coactivator, DCoH, and a kinase, Dyrk 1B.
DCoH is a bifunctional protein utilizing the same interface for two distinct proteinprotein interactions. X-ray crystallography and unfolding studies aided in characterizing the
DCoH interface and the regulation of HNF-1α. A stable construct of another bifunctional
protein, Dyrk 1B survival kinase, was engineered and successfully crystallized.
This exposition is composed of 3 chapters. Chapter 1 is an overview of diabetes,
specific aspects of transcriptional regulation by HNF-1α, and a discussion of functional
switching, i.e. how the bifunctional coactivator DCoH regulates HNF1-α activity and
functions as a dehydratase in aromatic amino acid recycling. General background on
kinases, the effect of phosphorylation on HNF-1α, and an introduction to Dyrk 1B are also
given. Chapter 2 addresses the question of how DCoH partitions between its enzymatic and
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coactivator function by measuring the stability of the DCoH homotetramer. In Chapter 3, the
design, cloning, expression, purification, and crystallization of a stable and active Dyrk 1B
construct are described.

Brief Introduction to Diabetes
The pancreas is both an endocrine and exocrine organ. The parenchymal tissue is
composed of the endocrine islets of Langerhans, which produce hormones, and the exocrine
acinar cells, which secrete digestive enzymes into the gut through ducts. The islets of
Langerhans contain insulin producing beta cells which are scattered throughout the pancreas.
The other four cell types found in the pancreatic islets include alpha cells which produce
glucagon, delta cells which produce somatostatin, pancreatic polypeptide cells which produce
pancreatic polypeptide, and the epsilon cells which produce ghrelin (Bonner-Weir 1991;
Wierup, Svensson et al. 2002; Heller, Jenny et al. 2005). Though the islets only account for
1%-2% of the pancreas, their effects are far reaching in regulating glucose metabolism.
There are two main types of diabetes mellitus, Type I and Type II (Table 1) (World
Health Organization 1999). Type I diabetes (T1D) is also known as juvenile onset diabetes
or insulin dependent diabetes mellitus (IDDM). Type I diabetes results from the autoimmune
destruction of pancreatic beta cells. Type II diabetes (T2D), also known as adult-onset or
non-insulin dependent diabetes mellitus (NIDDM), results from defective insulin production
or defective response of peripheral tissues (e.g. liver and skeletal muscle) to insulin (Khan,
He et al. 2006). Diabetes is diagnosed based on fasting plasma glucose that is ≥ 126 mg/dL
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or ≥ 200 mg/dL 2 hours post glucose challenge (Harris, Donahue et al. 2003; American
Diabetes Association 2005). Reduced insulin action sustains elevated glucose levels, leading
to blindness, kidney dysfunction, vascular damage, and early mortality. Current treatments
include insulin injections for Type I and Type II as well as oral hypoglycemic agents to help
improve insulin sensitivity in Type II diabetics.
Type II diabetes is the most common form of diabetes. Ninety to ninety five percent
of diagnosed diabetics are Type II. The age of onset is generally greater than 35 years old
and obesity is typically present. Patients have a strong genetic predisposition to developing
Type II diabetes (Champe and Harvey 1994). T2D can be classified further based on the role
of genetic factors into polygenic or monogenic forms (McCarthy 2002; McCarthy and
Froguel 2002). Polygenic diabetes is more prevalent. Environmental factors also play a role
in the development of polygenic T2D. Monogenic forms are caused by a mutation in a single
gene (McCarthy 2002). This class includes Maturity Onset Diabetes of the Young (MODY)
which is associated with six genetic loci (Artner and Stein 2008). One locus is associated
with glucokinase which phosphorylates glucose. Glucokinase is associated with MODY2.
The other five represent transcriptions factors and include hepatocyte nuclear factor-1 alpha,
HNF-1α, (MODY3), HNF-4α (MODY1), PDX1 (MODY4), HNF-1β (MODY5), and
Beta2/NeuroD1 (MODY6). HNF-1α modulates expression of essential genes in beta cells
and causes the most common form of MODY (Yamagata, Oda et al. 1996) (Yamagata, Oda
et al. 1996; Frayling, Bulamn et al. 1997; Boj, Parrizas et al. 2001; Ryffel 2001; Servitja and
Ferrer 2004).
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Table 1. Comparison of the 2 Classes of Diabetes.
Adapted from (Champe and Harvey 1994)

2 Types of Diabetes

IDDM

NIDDM

Synonym

Type I; juvenile onset

Type II; adult onset

Age of Onset

Childhood or puberty

Frequently after age 35

Nutritional Status at
Onset of Disease

Frequently undernourished

Obesity usually present

Prevalence

10%‐20% of diagnosed

80%‐90% of diagnosed

Genetic Predisposition

Moderate

Very strong

Defect or Deficiency

β‐cell destruction (insulin
production eliminated)

Inability of β‐cells to produce
appropriate quantities of insulin; insulin
resistance

Ketosis

Common

Rare

Plasma Insulin

Low to absent

Normal to high

Acute Complications

Ketoacidosis

Hyperosmolar coma

Oral hypoglycemic
drugs

Unresponsive

Responsive

Treatment with Insulin

Always necessary

Usually not required
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Insulin secretion in response to high blood glucose is a complex process. Glucose
enters the beta cell via the GLUT2 transporter in the beta cell (Figure 1) (Fajans, Bell et al.
2001). Glucokinase phosphorylates the sugar to form glucose-6-phosphate which can enter
the Krebs cycle or glycolysis. The ATP generated inhibits ATP sensitive potassium ( K+ )
channels leading to depolarization of the membrane and opening of the voltage-gated
calcium ( Ca2+ ) channels. An influx of calcium along with mobilization of intracellular
calcium permits the insulin-filled secretory granules to fuse with the plasma membrane and
release the contents into circulation. The MODY transcription factors regulate insulin gene
transcription, enzymes associated with glucose transport and metabolism, and other genes
necessary for normal beta cell function.
MODY is an autosomal dominant form of diabetes characterized by a primary defect
in insulin secretion (Table 2) (Hattersley 1998). The age of onset for MODY3 is usually
before 25 years, and patients are typically diagnosed before the age of 30, with a median age
of 21 (Lehto, Tuomi et al. 1997). Children and adolescents may exhibit normal glucose
tolerance (Pearson, Flechtner et al. 2006). Later on, however, oral glucose tolerance testing
can aid with early diagnosis when fasting blood glucose is normal (Stride, Vaxillaire et al.
2002). In the pre-diabetic stage, subjects exhibited elevated insulin sensitivity, glucosuria,
and beta-cell dysfunction (Stride, Ellard et al. 2005). MODY3 is characterized by unusual
sensitivity to sulfonylureas. Sulfonylureas function by binding to ATP-dependent potassium
channels in the pancreatic beta cell membrane leading to depolarization of the membrane and
a subsequent rise in intracellular calcium levels. Patients can initially be treated with a low
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dose to stimulate insulin secretion in beta cells thereby improving glycemic control (Pearson,
Liddell et al. 2000).

Transcriptional Regulation of the Insulin Gene
Many efforts have been made to study insulin gene expression in order to learn how
to control endogenous insulin levels to control diabetes or to understand how insulin
expression is upregulated in response to demand (e.g. during pregnancy), or to facilitate the
effort to engineer artificial beta cells in the treatment of diabetes. The insulin enhancer
region is located primarily between nucleotides -340 and -91 and extends up to 1kb upstream
of the insulin gene (German, Ashcroft et al. 1995). This region determines insulin gene
expression with respect to cell specificity and in response to glucose (Edlund, Walker et al.
1985; Crowe and Tsai 1989; Whelan, Poon et al. 1989; Melloul, Ben-Neriah et al. 1993;
Sharma and Stein 1994). The A, C, and E elements are primarily responsible for regulation
of the insulin enhancer. Their core binding motifs are found in the operon of all insulin
genes (Steiner, Chan et al. 1985). The C element plays a role in insulin, glucagon, and
somatostatin transcription (Knepel, Vallejo et al. 1991). The A region contains a TAAT
core, a DNA binding motif for homeodomain proteins, including HNF-1α. HNF-1α binds
the A3/A4 (FLAT) element of the insulin enhancer (Emens, Landers et al. 1992). The E
boxes bind bHLH proteins, such as E47 and NeuroD1, and regulate glucose-inducible
transcription of the insulin gene (German and Wang 1994; Sharma and Stein 1994; Naya,
Stellrecht et al. 1995).
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Figure 1. Model of a pancreatic beta cell and the proteins implicated in MODY
(Fajans, Bell et al. 2001).

8

Table 2. Comparison of Type 2 Diabetes and MODY
(Hattersley 1998).

Type 2 Diabetes

MODY

Age of onset

Middle/old age

Childhood/adolescence/young
adult

Disease-related mortality

High

Variable

Availability of multiple
affected 3 generation
families

Very rare

Frequent

Role of environment

Considerable
Frequently obese

Minimal
Rarely Obese

Pathophysiology

Beta-cell dysfunction and
insulin resistance

Beta cell dysfunction

Inheritance

Polygenic
Heterogenous

Monogenic
Autosomal dominant
Homogeneous
(within a pedigree)

9

The 5 MODY transcription factors function within a regulatory network to regulate
beta cell function and maintain glucose levels (Shih and Stoffel 2001). HNF-1α is important
for facilitating cross-talk between transcription factors within the liver and pancreas as well
as between both organs (Kulkarni and Kahn 2004). HNF-1α is involved in insulin
transcription and secretion in pancreatic beta cells. Three HNFs (HNF-1α, HNF-4α, and
HNF-6) function cooperatively in the liver and control the expression of many essential
genes. Insulin binds to receptors on the liver, thus affecting transcriptional regulation by
HNF-1α. The liver is also the primary site of gluconeogenesis. Gluconeogenesis is initiated
when low blood glucose levels trigger glucagon release from pancreatic alpha cells. Down
regulation of other beta cell transcription factors in HNF-1α knockout mice suggested that
HNF-1α was part of a transcription factors network responsible for maintaining beta cell
function (Boj, Parrizas et al. 2001; Servitja and Ferrer 2004). HNF-1α can interact with
another transcription factor, including HNF-1β, and is part of a feedback loop with HNF-4α
(Boj, Parrizas et al. 2001; Ferrer 2002), mutations in which result in another MODY.

Significance of HNF-1α in Diabetes
HNF-1α, also called TCF1 and LF-B1, was first brought into light when it was found
to be necessary for the coordinated expression of α and β fibrinogen in the liver (Courtois,
Morgan et al. 1987). It is expressed in the polarized epithelia of the liver, pancreas, kidneys,
stomach, and intestines and regulates tissue specific gene expression in these liver, stomach,
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kidney, and pancreatic islet cells (Blumenfeld, Maury et al. 1991; Mendel and Crabtree 1991;
Emens, Landers et al. 1992; Tronche and Yaniv 1992; Pontoglio, Barra et al. 1996; Malecki
2005). It also binds to the promoters of developmentally regulated liver specific genes
including albumin and α1 antitrypsin (Courtois, Morgan et al. 1987; Lichtsteiner and
Schibler 1989; Odom, Zizlsperger et al. 2004). In pancreatic beta cell, it is expressed late in
development and mediates transcription of essential genes such as insulin (Okita, Yang et al.
1999), the GLUT2 transporter (Ban, Yamada et al. 2002), and mitochondrial genes required
for insulin secretion (Wollheim 2000; Wobser, Dussmann et al. 2002). Additionally, it was
found to recruit coactivators involved in chromatin remodeling to beta cell genes (Parrizas,
Maestro et al. 2001; Soutoglou, Viollet et al. 2001).
HNF-1α houses 4 domains (Tronche and Yaniv 1992). At the amino-terminus
(amino acids 1-32) is the dimerization domain (Figure 2). HNF-1α dimerization is essential
to DNA binding (Nicosia, Monaci et al. 1990). This region is followed by a linker region
and then a DNA binding domain (amino acids 100-278) with POU-like and homeodomainlike motifs. The carboxy terminal houses the transactivation domain (amino acids 281-631).
MODY3 is caused by HNF-1α haploinsufficiency (Rose, Bayle et al. 2000; Thomas,
Badenberg et al. 2002). This dose dependence in pancreatic beta cells may be spatially
regulated as not all organs are affected by the same mutations. Mutations in HNF-1α are the
most common cause of MODY but can also cause Type II diabetes as with the I27L
polymorphism (Yamagata, Oda et al. 1996; Frayling, Bulamn et al. 1997; Chiu, Chuang et al.
2000; Ryffel 2001).

The I27L polymorphism is associated with insulin resistance but not
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beta cell dysfunction (Chiu, Chuang et al. 2000). There are over 200 mutations found to
occur within the hnf-1α gene and the promoter region (Ellard and Colclough 2006).
HNF-1α knockout mice are viable, but they exhibit reduced insulin levels in
pancreatic beta cells. This suggested that HNF-1α was involved not only with insulin
secretion, as was previously known, but also insulin synthesis (Lee, Sauer et al. 1998;
Pontoglio, Sreenan et al. 1998). The knockout mice exhibited failure to thrive and died
during or just after the weaning period after progressive wasting with pronounced
hepatomegaly (Pontoglio, Barra et al. 1996). MODY3 results in compromised carbohydrate
metabolism, e.g. mitochondrial defects and down regulation of GLUT2 expression (Wang,
Maechler et al. 1998; Wang, Antinozzi et al. 2000; Shih, Screenan et al. 2001), and
progressive beta cell deficiency. Beta cell deficiency may be caused by diminished beta cell
proliferation and increased apoptosis (Shih, Screenan et al. 2001; Wobser, Dussmann et al.
2002).
HNF-1α was also studied to gain better understanding of differentiation.
Transcription factors are important during development because they regulate gene
expression in specific tissues and cells. Homeodomain proteins produce an array of effects
in the cell, all while sharing surprisingly similar DNA-binding domains (Hansen and
Crabtree 1993). What distinguishes HNF-1α from other homeodomain containing proteins is
the dimerization domain at the amino terminus (Nicosia, Monaci et al. 1990) and the
additional 21 amino acids in the DNA binding domain (Finney 1990).
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Figure 2. Schematic representation of HNF-1α.
The dimerization domain (a.a. 1-31, green), DNA binding domain (POU-specific a.a. 100172, homeodomain a.a. 199-278, blue), and transactivation domain (281-631, magenta) are
shown.
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Role of HNF-1α in Tumor Progression
Misregulation not only causes diabetes but tumor progression as well. These are not
MODY3 mutations, so they do not occur via the same misregulation. Biallelic somatic
alterations of HNF-1α in hepatocellular adenomas and carcinomas suggested that HNF-1α
may function as a tumor suppressor (Bluteau, Jeannot et al. 2002). One study found that
nearly 25% of the colorectal tumors tested exhibited HNF-1α mutations (Laurent-Puig,
Plomteux et al. 2003). All alterations were located in exon 4 of the poly C tract and 14 of the
15 consisted of a cytosine deletion. The resulting HNF-1α only had a dimerization domain
and DNA binding domain. The most common HNF-1α mutation resulting in MODY is
872insC, overexpression of which leads to the production of a dominant negative protein
(Yamagata, Oda et al. 1996; Vaxillaire, Pueyo et al. 1999). Because the 872delC mutation in
colorectal cancer was monoallelic and there was no frame shift RNA observed as there was
for the hepatocellular adenomas, the 872delC mutation was also thought to be dominant
negative (Laurent-Puig, Plomteux et al. 2003).
The MODY mutations occur as a result of not being able to regulate beta cell function
whereas tumorigenesis indicates a role for HNF-1α in cell cycle regulation. In hepatocellular
carcinomas, HNF-1α: HNF-1β ratios are associated with different degrees of differentiation,
indicating that HNF-1α loss promotes dedifferentiation and tumorigenesis (Ninomiya,
Hayashi et al. 1996; Wang, Hayashi et al. 1998). HNF-1α promotes cell proliferation by
upregulating c-src, a proto-oncogene activated in colon carcinomas (Cartwright, Kamps et al.
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1989; Cartwright, Meisler et al. 1990; Talamonti, Roh et al. 1993; Bonham, Ritchie et al.
2000). HNF-1α mutations result in colorectal cancers with microsatellite instability
(Laurent-Puig, Plomteux et al. 2003).

Transcriptional Coactivators
One theory proposes that accessory molecules, such as a coactivator like DCoH, can
lend specificity to transcription factors (Hansen and Crabtree 1993). Transcriptional coactivators are defined as proteins which can enhance transcriptional activity without binding
to DNA (Spiegelman and Heinrich 2004). One of the coactivators that will be discussed in
this dissertation is Dimerization Cofactor of HNF-1α (DCoH), which stimulates HNF-1α
directed transcription in vivo (Mendel, Khavari et al. 1991). Within the family of
coactivators, proteins can be further subdivided. Primary coactivators are those which can
bind directly to transcription factors and also have transcriptionally related enzymatic
function. Proteins which bind to transcription factors but recruit other proteins with
transcriptionally related enzymatic functions are known as secondary coactivators. These
definitions taken together with the fact that DCoH does not have a transcriptionally related
enzymatic function but has a saddle shaped groove thought to bind some yet unknown
transcriptionally related proteins (Johnen and Kaufman 1997) classifies DCoH as a
secondary coactivator. DCoH itself does not house a nuclear localization signal. It traverses
the nuclear membrane with the aid of HNF-1α and possibly other transcription factors
(Sourdive, Transy et al. 1997).
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DCoH is a bifunctional protein. It was originally identified as a contaminant in a rat
PAH preparation where it was found to stimulate BH4 dependent phenylalanine
hydroxylation (Kaufman 1970). The enzymatic function was further characterized (Huang,
Max et al. 1973; Citron, Davis et al. 1992; Hauer, Rebrin et al. 1993). It is also known as
pterin-4a-carbinolamine dehydratase (PCD). The same protein was discovered to co-purify
with HNF-1α and to regulate HNF-1α activity (Mendel, Khavari et al. 1991).

Regulation of HNF-1α by DCoH
There are a number of mechanisms by which DCoH may enhance HNF-1α activity.
HNF-1α is turned over by the proteasome (Park, Cho et al. 2004). Interaction with DCoH
may increase HNF-1α half life. DCoH can bind both HNF-1α and β. The two transcription
factors can also heterodimerize. Therefore, DCoH may regulate their dimerization partners.
Thirdly, the saddle shaped groove of DCoH potentiates interactions with other factors
(Endrizzi, Cronk et al. 1995). The fourth manner in which DCoH regulates HNF-1α is by
selectively enhancing the transcriptional activity of HNF-1α (Mendel, Khavari et al. 1991).
The enhanced HNF-1α directed transcription occurs by stabilizing HNF-1α dimers, not by
binding DNA (Mendel and Crabtree 1991). Since HNF-1α mutations result in an autosomal
dominant form of diabetes, it has been hypothesized that the HNF-1α mutations may cause
diabetes in a dominant-negative fashion (Herskowitz 1987; Yamagata, Oda et al. 1996).
These mutants could presumably interfere with the DNA binding function but not
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dimerization of HNF-1α, thereby producing non-functional dimers. It is possible that DCoH
could also bind to and stabilize these dimers, contributing to MODY3. Regulation of HNF1α is considered further in the discussion of functional switches and plasticity.

DCoH Function
DCoH is unique in that it is a bifunctional protein. These functions correlate directly
with its oligomeric states. In the nucleus, DCoH dimers interact with HNF-1α dimers to
enhance HNF-1α directed transcription (Eskinazi, Thony et al. 1999). In the cytoplasm,
DCoH homotetramers function as the metabolic enzyme PCD (Figure 3). The PCD activity
is involved in regeneration of the biopterin cofactor utilized by NO synthase and aromatic
amino acid hydroxylases (Citron, Davis et al. 1992). There is no known relation between
these functions. The DCoH- HNF-1 complex exhibits 2:2 stoichiometry; the 2 dimers cannot
interact with simple mixing in vitro (Rose, Pullen et al. 2004). Rather, the proteins must be
co-folded (Cronk 1996).
The same interface of the DCoH dimer is utilized in the interaction with another
DCoH dimer or with HNF-1α. Mutational analysis at the interface or active site revealed
that these regions are distinct (Johnen and Kaufman 1997; Sourdive, Transy et al. 1997).
The relationship between the 2 physiological functions of DCoH is still not fully
characterized. Interestingly, DCoH exhibits dual functionality within the phenylalanine
hydroxylation system. This phenylalanine hydroxylase stimulator functions not only as a
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dehydratase within the regeneration of tetrahydrobiopterin, but also as a transcriptional
activator of the human PAH gene (Pontoglio, Barra et al. 1996; Lei and Kaufman 1998). In
fact, complete inactivation of HNF-1α leads to phenylketonuria (Pontoglio, Barra et al.
1996). Bacterial PAH function was rescued by mammalian DCoH suggesting an
evolutionarily conserved regulatory function for the protein (Endrizzi, Cronk et al. 1995). In
the common bacterium Pseudomonas aeruginosa, DCoH (PhhB) and phenylalanine
hydroxylase (PhhA) are situated on the same operon (Song, Xia et al. 1999). DCoH may
function through HNF-1α to regulate the expression of a partner in the recycling of aromatic
amino acids. Mutations in DCoH lead to hyperphenylalanemia, a skin depigmentation
disorder, vitiligo, and mild glucose intolerance (Curtius, Adler et al. 1990; Davis, Kaufman et
al. 1991; Adler, Ghisla et al. 1992; Citron, Kaufman et al. 1993; Bayle, Randazzo et al. 2002;
Schallreuter, Kothari et al. 2003).
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Figure 3. DCoH is a metabolic enzyme.
It functions as a pterin-4a-carbinolamine dehydratase in the tetrahydrobiopterin regeneration
cycle. DCoH’s enzymatic activity permits recycling of BH4, a component necessary for the
processing of aromatic amino acids.
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DCoH Structure
The structure of DCoH is often referred to as being saddle shaped, with 1 tetramer
housing 2 saddles (Endrizzi, Cronk et al. 1995) (Figure 4A). Each DCoH1 monomer consists
of 3 helixes and 4 antiparallel beta strands. The sequence of these secondary structural units
is α1-β1-β2-α2-β3-β4-α3. The structure, beginning with helix 1, is composed of residues
10-23. Residues 15-50 form a beta hairpin and strands 1 and 2 (half of the 4 stranded
antiparallel beta sheet). Four beta strands from 2 monomers contribute to form a continuous
8 stranded beta sheet. Helix 2 (residues 43-60) is the most important portion of the
tetrameric interface as the primary interaction occurs at the central helix bundle formed by 4
helix-2 (one from each monomer). Residues 62-64 connect helix 2 to the antiparallel beta
strands, β3 and β4 (residues 65-77). Helix 3 is at the carboxy terminus (residues 87-104) and
packs over the middle of the beta sheet. The 3 conserved active site histidines are His 61,
His 62, and His 79. The binding pocket is thought to be very flexible (Thony, Auerbach et
al. 2000). His 62 binds the substrate (Rebrin, Thony et al. 1998). Comparison of the
structure of DCoH-HNFp1 (HNF-1α dimerization domain) heterotetrameric complex with
DCoH homotetramer indicates that the conformation of DCoH dimers is similar (Figure 4B)
(Endrizzi, Cronk et al. 1995; Rose, Bayle et al. 2000). HNF-p1 forms a 4 helix bundle
(Figure 4B). The 2 helices of HNF-p1 interact with helix 2 of the DCoH dimer.
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Figure 4. DCoH1 homotetramer vs DCoH1 in a complex with HNF-1α.
The ribbon diagrams of the (A) DCoH1 homotetramer and (B) DCoH-HNF-1α complexes are shown above.
The figures were generated in PyMol (Endrizzi, Cronk et al. 1995; Rose, Bayle et al. 2000).
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DCoH interacts with Other Factors
The structure suggests that DCoH may function as a secondary coactivator to bridge
HNF-1α to general transcriptional machinery or other coactivators. In both the
homotetrameric structure as well as in the complex with HNFp1, the saddle remains open,
i.e. the open surface is accessible to other factors while it is complexed to HNF-1α. The beta
strands of each dimer form a continuous 8 stranded beta sheet reminiscent of a molecular
saddle as in TATA box binding protein (TBP) (Endrizzi, Cronk et al. 1995; Kim and Burley
1995). However, the TBP saddle is composed of 10 beta strands while the DCoH saddle is
made of 8 (Nikolov, Hu et al. 1992; Kim and Burley 1995). Another difference is that the
TBP saddle is primarily hydrophobic (Kim, Geiger et al. 1993) and accommodates the minor
groove of the DNA (Kim and Burley 1994) while the DCoH saddle exhibits a central
hydrophobic region with polar residues and a perimeter of acidic and basic residues.
Currently, with the exception of HNF-1α and β, no other binding partners are known.
In addition to structural comparisons and analyses, there are several studies indicating
that DCoH interacts with other factors. DCoH2, a DCoH paralog, interacts with Dyrk 1B
which can also phosphorylate HNF-1α (Lim, Jin et al. 2002). A yeast 2 hybrid screen using
DCoH as bait with a Xenopus library identified Seven in absentia homologue 2 (Siah-2), an
E3 ubiquitin ligase, as prey (Bogdan, Senkel et al. 2001). Our lab could not confirm the
interaction with Siah2 in vitro (not shown).
Furthermore, in Xenopus laevis development, the DCoH homologue, XDCoH, is a
ubiquitously expressed maternal factor, while HNF-1α, a key player in differentiation, is
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lacking in the egg (Pogge v. Strandmann and Ryffel 1995). XDCoH was also found in the
epithelium surrounding the embryonic eye where HNF-1α is not expressed. In all cells,
XDCoH was found to be predominantly nuclear, indicating that DCoH plays a role in
transcriptional regulation in the eye. Because DCoH lacks a nuclear localization signal, it
demands a means of transport into the nucleus without the aid of HNF-1α implicating other
proteins for this role. Other members of the homeodomain family have been suggested.

DCoH Homologues
DCoH2 (also known as DCoHm) is a homologue of DCoH enriched in muscle tissue.
It was first discovered as a prey to the Dyrk 1B bait used in a yeast 2 hybrid screen of a
human skeletal muscle library (Lim, Jin et al. 2002). Human DCoH1 and DCoH2 share
approximately 60% amino acid identity. DCoH1 and DCoH2 can both form a complex with
HNF-1α, but they differ in their availability for HNF-1α binding (Rose, Pullen et al. 2004).
Only the DCoH dimers, not tetramers, may associate with HNF-1α, as the same interface is
used. In vitro studies have previously shown that the DCoH2 homotetramer is less stable
than the DCoH1 homotetramer (Rose, Pullen et al. 2004). This allows for DCoH2 to
dissociate into dimers to interact with HNF-1α in solution. DCoH1 requires co-folding with
HNF-1α to form the DCoH1/ HNF-1α complex in vitro. The relative instability of DCoH2
homotetramers may account for the low levels of cytoplasmic DCoH2 activity and
predominant nuclear association of DCoH2 with HNF-1α observed in DCoH1 null mice
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(Bayle, Randazzo et al. 2002). The observed glucose intolerance was likely tempered by the
compensatory actions of DCoH2. Even though both DCoH1 and DCoH2 have the same
enzymatic and transcriptional activities, it was thought that the decreased stability of the
DCoH2 homotetramer relative to DCoH1 might provide a mechanism for controlling the
activity in the cell (Rose, Bayle et al. 2000). We measured the stability of the DCoH
homotetramers in order to understand the difference in ability of DCoH1 and DCoH2 to
interact with HNF-1α (Chapter 2).

Regulation of HNF-1α by Dyrk 1B

Phosphorylation in Beta Cells
Processes in pancreatic beta cells, such as proliferation, survival, and insulin secretion
are regulated by phosphorylation (Dickson and Rhodes 2004; Parameswara, Sule et al. 2005).
Targets include transcription factors involved in beta cell function such as HNF-1α, E47,
PDX-1, and NeuroD1 (Lim, Jin et al. 2002; Khoo, Griffen et al. 2003). Transcription factor
activity is often mediated by multiple phosphorylation/ dephosphorylation events (Hunter
and Karin 1992; Hill and Treisman 1995). Upon glucose stimulation, MAPKs phosphorylate
transcription factors in beta cells, effectively upregulating insulin transcription (Benes,
Roisin et al. 1998; Khoo, Griffen et al. 2003). For example, ERK2, a mitogen activated
protein kinase (MAPK), is activated by glucose concentrations between 2-20 nM, which also
induces insulin secretion (Khoo and Cobb 1997). ERK2 phosphorylation of pancreatic
duodenal homeobox 1, PDX-1, regulates transcription of insulin, GLUT2, and glucokinase
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(Khoo, Griffen et al. 2003; Al-Quobaili and Montenarh 2008). These phosphorylations
enhance DNA binding and transactivation ability (Petersen, Peshavaria et al. 1998). Upon
glucose stimulation, phosphorylation of PDX-1 by the SAPK/p38 pathway was also found to
promote nuclear localization of PDX-1 (Macfarlane, McKinnon et al. 1999). ERK2 can also
phosphorylate NeuroD1 to modulate its transactivation capacity, heterodimerization with
E47, and DNA binding. Phosphorylation of E47 by ERK2 also regulates dimerization with
NeuroD1 and DNA binding (Khoo, Griffen et al. 2003).
HNF-1α was also found to be phosphorylated (Lim, Jin et al. 2002). It is posttranslationally modified in normal rats (liver and kidneys) as well as in diabetic mice
(Barrera-Hernandez, Wanke et al. 1996; Barrera-Hernandez, Wanke et al. 1996). However,
the physiological significance of HNF-1α phosphorylation in beta cells is not clear and is the
subject of my research. Other HNF family members are also phosphorylated. HNF-4 and
HNF-6 are phosphorylated by protein kinase A, PKA, which modulates their transcriptional
activity (Viollet, Kahn et al. 1997; Streeper, Hornbuckle et al. 2001).

Kinases
Kinases are important in eukaryotic signaling in growth and development. Improper
regulation of kinases can result in cell transformation and cancer. For example, the first
oncogene discovered, v-Src, encodes a misregulated tyrosine kinase (Levinson, Oppermann
et al. 1978).
There are different classes of these phosphotransfer enzymes which are classified on
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the basis of their target acceptor amino acid (Hunter 1991). The protein kinase family
includes serine/threonine, tyrosine, and histidine kinases (Hunter 1991; Huse and Kuriyan
2002).

Kinase Function
Protein kinases are often referred to as “molecular switches” which can adopt at least
2 disparate conformations, “ON” which is maximally active, and “OFF” which is inactive or
minimally active. Phosphorylation of kinases in their activation loops induces
conformational changes that activates the kinase (Huse and Kuriyan 2002). Protein kinases
catalyze the transfer of the γ-phosphate of ATP to the hydroxyl of serine, threonine, or
tyrosine. Because kinases catalyze the same reaction, it is not surprising that some kinases
adopt similar conformations in the active state (Huse and Kuriyan 2002).

Effect of HNF-1α Phosphorylation
The fact that phosphatases play a role in HNF-1α regulation suggests that HNF-1α is
regulated by phosphorylation (Carriere, Lacasa et al. 2001). To date, only 2 kinases are
known to activate HNF-1α, the transactivator dual specificity tyrosine regulated, argininedirected kinase 1B / minibrain related kinase, Dyrk 1B /Mirk, and Mitogen Activated Kinase
Kinase Kinase, MKK3 (Lim, Jin et al. 2002). Both are able to activate HNF-1α in transient
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transfection experiments (Figure 5). These co-transfections showed a synergistic increase in
HNF-1α activity. However, Dyrk 1B is able to activate HNF-1α more effectively.
In Caco-2 cells (a colon carcinoma cell line), it was shown that HNF-1α was
phosphorylated. However, inhibition of phosphatases 1/2 (known to regulate glucose and
glycogen metabolism) increased protein turnover and reduced DNA-binding as measured by
western blotting and EMSA, respectively (Carriere, Lacasa et al. 2001). These are partially
attributed to decreased protein half-life and mRNA content which were measured by pulsechase and RT-PCR. The reduced mRNA content was directly correlated with a decrease in
DNA-binding by HNF-4, a known HNF-1α regulator. It is possible that phosphorylation can
signal ubiquitination. Alternatively, these results suggest that the phosphatase is acting
indirectly by affecting HNF-1α’s regulator, HNF-4. These contrasting results indicate that
the role of phosphorylation on HNF-1α regulation is a complex process in which certain
kinases, such as Dyrk 1B and MKK3, play activating roles while other phosphorylation
events, mediated by other kinases, are deactivating. The kinases responsible for these
inhibitory post-translational modifications remains to be identified.

HNF-1α Phosphorylation by Dyrk 1B
Dyrk 1B/Mirk phosphorylates HNF-1α on Ser247 which results in enhanced
HNF-1α activity (Lim, Jin et al. 2002). Ser247 is located in the DNA binding domain in the
solvent exposed loop region between the POU domain and homeodomain (Figure 6) (Chi,
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Frantz et al. 2002). This phosphorylation site is also within its cAMP-response elementbinding domain which binds CBP. Phosphorylation of HNF-1α occurs when the MKK3
pathway is activated. MKK3 activation is prompted by inflammatory cytokines (e.g. tumor
necrosis factor, TNF) and environmental stresses (e.g. osmotic stress, UV radiation) which
then activate the MKK3 pathway and subsequently Dyrk 1B (Lim, Jin et al. 2002)
(Figure 7).
A Ser247Ala mutation still resulted in phosphorylation of HNF-1α indicating at least
one other Dyrk 1B phosphorylation site (Lim, Jin et al. 2002). The Ser247Ala mutant was
not tested for transcriptional activation, so the activity of the transfection assays is the sum of
all phosphorylations. These other phosphorylation sites are not known.
HNF-1α may be upregulated in response to stress due to its critical physiologic role.
HNF-1α binds to more than 222 genes in hepatocytes and 106 genes in the pancreas (Odom,
Zizlsperger et al. 2004). These genes included those required for hepatic function
(detoxification, synthesis of serum proteins, gluconeogenesis, carbohydrate storage, and lipid
metabolism) as well as chaperones and enzymes in the pancreatic islets. Additionally, HNF4 is also activated upon oxidative stress (induced by diabetes) to initiate anti-oxidation
through target gene transcription (i.e. iNOS) to counteract the stress (Guo, Gao et al. 2007).
As mentioned previously, HNF-1α transcription is upregulated by HNF-4. Therefore, HNF1α may also be upregulated by oxidative stress.
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Figure 5. Dyrk 1B enhances HNF-1α’s activity in a dose dependent manner
(as shown by luciferase reporter assay) Expression plasmids (HNF-1α, DCoH, Dyrk 1B) and
a beta –fibrinogen reporter construct containing 3 copies of the HNF-1α binding element
were transiently transfected into NIH-3T3 cells (Lim, Jin et al. 2002)
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Figure 6. Ribbon diagram representation of a dimer of HNF-1α DNA binding domains
bound to DNA.
A model with Ser247 phosphorylated by Dyrk 1B is shown. The phosphate was added in
COOT and the figure was generated in COOT and PyMol using PDB ID 1IC8 (Chi, Frantz et
al. 2002).
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Figure 7. Dyrk 1B interactions and effects.
Dyrk 1B is activated post-translationally by the Rac-MKK3 pathway. Oncogenic K-Ras
signaling is also mediated via Rac1. MKK3 activation leads to phosphorylation and
activation of Dyrk 1B. MKK3 also activates p38 MAPK which vies with Dyrk 1B for
MKK3 by sequestering Dyrk 1B. The Rho GTPases, Cdc42 and RhoA, upregulate Dyrk 1B
by inducing Dyrk 1B transcription. When mitogen levels are high during cell cycling, the
MAPKs ERK1/2 levels rise and inhibit Dyrk 1B activity. HGF and RanBPM, components of
the met pathway, inhibit Dyrk 1B activities as a transcriptional activator and/or kinase. Dyrk
1B inhibits cell migration, and inhibition of Dyrk 1B by RanBPM or HGF inhibits this
function of Dyrk 1B. Dyrk 1B regulates transcriptional activity directly and indirectly. Dyrk
1B phosphorylates HNF-1α on Ser 247 thereby increasing HNF-1α’s transcriptional activity.
Dyrk 1B indirectly enables activity of the transcription factor MEF2 by phosphorylating class
II HDACs which abrogates their nuclear accumulation. Dyrk 1B functions in growth arrest
through phosphorylation of cyclin D1 and p27Kip1. Phosphorylation of the CKIs p27 and
p21 have opposite effects. p27 phosphorylation on S10 stabilizes it. Phosphorylation of p21
S153 traps it in the cytoplasm where it inhibits molecules involved in apoptosis such as procaspase-3 and ASK1. Adapted from (Mercer and Friedman 2006).
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Figure 7.
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Kinase Structure
Structural organization is similar among serine/ threonine and tyrosine kinases.
Kinases are bilobate structures. The N-terminal lobe is smaller and often called the N-lobe.
It is composed of β sheets and a conserved α helix, called helix αC. The C-terminal lobe, or
C-lobe, is larger and consists primarily of helices.
There are 4 prominent features in kinases: the activation loop/ lip, the αC helix, the
catalytic loop, and the P-loop (Chapter 3, Figure 1). Two conserved regulatory domains
within the kinase are the activation loop/lip and the αC helix (Huse and Kuriyan 2002). In
order to be “ON”, the kinase requires phosphorylation of its activation loop residues which
then extends the loop into an open conformation to readily bind a substrate. The
phosphorylation motif (including the number of phosphorylation sites) within the activation
loop varies between kinase classes. For example, it is Thr-X-Tyr in MAPK and Tyr-X-Tyr
in Dyrk.
The αC helix is the only conserved helix in all kinases. The activation loop and the
αC helix are structurally coupled. Activating changes in one induces similar changes in the
other. For example, phosphorylation of the activation loop can induce the helix to take on
an active conformation and vice versa (Jeffrey, Russo et al. 1995; Russo, Jeffrey et al. 1996;
Yamaguchi and Hendrickson 1996). The αC helix is an important regulator of kinase
activity which is modulated by regulating the conformational changes at the catalytic center.
This helix houses a ubiquitously conserved Glu residue (Glu91 in PKA) which forms an ion
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pair with a Lys (Lys72 in PKA) which interacts with the α and β phosphates of ATP. The
helix is also adjacent to the activation loop.
The catalytic loop is a highly conserved loop structure situated at the base of the
active site. Several catalytic residues (Asps, Asn) are conserved among all known kinases.
In PKA, these residues interact with the hydroxyl group of the substrate and guide this
interaction through hydrogen bonds for proper positioning of other catalytic residues.
Located at the base of the activation loop is the conserved Asp-Phe-Gly motif which is part
of the conserved canonical kinase domain. The Asp-Phe-Gly motif is responsible for binding
of divalent cations involved in recognizing nucleotides as well as being structurally coupled
to activation loop phosphorylation. The conformation of the Asp-Phe-Gly motif is directly
linked with that of the αC helix. The interaction between the αC helix, the above mentioned
Lys (for ion pairing), and the Asp-Phe-Gly motif links the helical conformation with
nucleotide binding.
ATP binds within the cleft between the lobes and sits beneath a highly conserved loop
which connects 2 of the β-strands (β1 and β2 of PKA). This loop is the phosphate binding
loop, or P-loop. It acts as a flap to cover the triphosphates (Bossemeyer, Engh et al. 1993).
The P-loop harbors a conserved glycine-rich sequence motif (GXGXφG, where φ is usually
a tyrosine or phenylalanine). The glycines permit close positioning of the P-loop to the ATP
phosphates and enable flexibility of the loop.
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Dyrk 1B

Identification and Cloning of Dyrk 1B
Dyrk 1B/ Mirk was identified by 2 different groups. Dyrk 1B was originally
identified via nested PCR cloning from murine 3T3-L1 cells by a group interested in further
characterizing Dyrk related kinases (Becker, Weber et al. 1998). Mirk was identified
separately and cloned from human SW480 colorectal adenocarcinoma cDNA (Lee, Deng et
al. 2000). It is identical to Dyrk 1B (Leder, Weber et al. 1999) which it will henceforth be
referred to as. Dyrk 1B is the human homolog of a drosophila gene known as minibrain
(Mnb) (Tejedor, Zhu et al. 1995; Kentrup, Becker et al. 1996; Song, Sternberg et al. 1996).
Mnb is involved in post-embryonic neural development. Mutations in Mnb result in CNS
development disorders (Tejedor, Zhu et al. 1995).

Dyrk 1B Domains
Dyrk 1B has splice variants encoding proteins 629, 601, and 589 amino acids in
length (Leder, Weber et al. 1999). The longest isomer is identical to the 69 kDa protein Mirk
(Lee, Deng et al. 2000). Dyrk 1B is comprised of a bipartite nuclear localization signal in the
non-conserved N-terminus, 11 canonical kinase sub domains, a PEST domain which is
frequently seen in rapidly degraded protein, and an acidic Dyrk Homology (DH) box
(DDDNxDY) (Figure 8) (Lee, Deng et al. 2000) (Becker, Weber et al. 1998; Becker and
Joost 1999).
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Figure 8. Schematic representation of Dyrk 1B domains.
The bipartite nuclear localization signal (a.a. 69-86, purple), Dyrk homology box (a.a. 93-99,
blue), conserved kinase domain (a.a. 11-431, green), and the PEST domain (a.a. 433-481,
551-579, 600-615, red) are shown.
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Dyrk Family of Protein Kinases
Dyrk 1B is a member of the Dyrk/ Minibrain family of dual specificity tyrosineregulated, arginine-directed kinases (Kentrup, Becker et al. 1996; Becker, Weber et al. 1998;
Himpel, Tegge et al. 2000). This family of serine/threonine kinases is known as dual
specificity, or dual function, kinases due to their ability to phosphorylate their substrates on
Ser/Thr while autophosphorylating tyrosine residues in their own activation sequence
(Tejedor, Zhu et al. 1995; Kentrup, Becker et al. 1996; Song, Sternberg et al. 1996; Becker,
Weber et al. 1998).
The Dyrk kinase family is part of the larger cyclin-dependent kinase (CDK), mitogenactivated protein kinase (MAPK), glycogen synthase kinase (GSK), and CDK2-like kinase
(CLK), or CMGC, family of protein kinases (Manning, Whyte et al. 2002). The CMGC
family is modulated through a key tyrosine phosphorylation in addition to serine/threonine
phosphorylations. CDKs and MAPKs are well known proline-directed kinases involved in
cell cycle regulation and signal transduction. GSK is involved in a number of processes
including apoptosis, cell structure, growth, and motility (Jope and Johnson 2004). CLK
kinases may be involved in RNA splicing and signal transduction during differentiation
(Myers, Murphy et al. 1994; Duncan, Stojdl et al. 1997; Muraki, Ohkawara et al. 2004).
Dyrks are involved in differentiation, cell survival, and cell proliferation (Garrett, Menold et
al. 1991; Tejedor, Zhu et al. 1995; Yang, Ahn et al. 2001; Ewton, Lee et al. 2003).
The Dyrk family of kinases is represented widely throughout eukaryotes. Dyrk
phylogeny indicates that Dyrk may have risen from a common progenitor protein. Members
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of the lower eukaryotic branch are found in Schizosaccharomyces pombe, Pom1p,
Saccharomyces cerevisiae, Yak1p, and Dictyostelium discoideum, YakA (Garrett, Menold et
al. 1991; Bahler and Pringle 1998; Souza, Lu et al. 1998). The animal specific Dyrks include
mammalian Dyrk 1, Drosophila melanogaster, minibrain (mnb), and Caenorhabditis elegans
mbk1. Phylogenetically, mammalian Dyrks, Dyrks 1-4, are further divided into 3
subfamilies as seen in Figure 9 (Becker, Weber et al. 1998; Yoshida 2008).
The amino acid sequence of the conserved kinase domain of Dyrk 1B is 56%
identical in the human forms of Dyrk 1, Dyrk 2, and Dyrk 3. Outside of the catalytic domain,
the Dyrk family members do not share sequence similarity. They also differ in their substrate
specificity, subcellular localization, and tissue distribution. The Dyrk family members can
be more specifically classified according to subcellular localization. Both Dyrk 1A and Dyrk
1B are pancellular (i.e. reside throughout the cell) and share 85% sequence identity in the
catalytic domain (Kim, Choi et al. 1998; Leder, Weber et al. 1999; Mercer and Friedman
2006). Dyrks 2-4 are cytoplasmic (Becker, Weber et al. 1998).
Dyrk 1A has been more extensively studied because it is located in the Down’s
Syndrome critical region on chromosome 21, and there have been unpublished reports of
high levels of Dyrk 1B expression in neuronal tissue during embryogenesis (Dr. Eileen
Friedman). Additionally, both Dyrk 1A and Dyrk 1B are present in the same normal and
diseased tissues. The exception to this is pancreatic cancer in which Dyrk 1B is highly
expressed while Dyrk 1A is not. Knock-out mice of Dyrk 1-like kinases, the HIPK1
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Figure 9. Phylogenetic representation of the Dyrk family kinase domains.
Percent homology (shown on right) is with respect to Dyrk 1A (Yoshida 2008)
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or HIPK2 are viable, but the HIPK1/2 double knock out is embryonic lethal indicating
functional redundancy (Isono, Nemoto et al. 2006). This functional redundancy indicates
importance to the organism through evolution. Dyrk 1A and Dyrk 1B have been studied in
different model systems (neurogenesis and myogenesis, respectively), so the proteins must be
tested in similar systems. However, it is unlikely that Dyrk 1A and Dyrk 1B are completely
functionally redundant. Dyrk 1B knockout mice survived to 18 days post-conception (typical
gestation period ranges from 18-22 days) (Leder, Czajkowska et al. 2003). Dyrk 1A
knockout mice exhibit a delay in embryonic growth and mid-gestation mortality (Mouse
Genome Informatics). As of yet, there are no known Dyrk 1A/1B double knockouts, but the
mortality of both knockouts (i.e. lack of rescue) seems to indicate individual importance and
not point to redundancy.

Dyrk 1B Substrates and Consensus Sequence
The Dyrk 1B consensus sequence is (S/T)P(S/T)XXR (Friedman 2007), where one of
the (S/T) is a phosphorylatable residue. According to the table of known Dyrk 1B substrates
(Figure 10), proline is not a strict requirement, unlike for Dyrk 1A (Mercer and Friedman
2006). Although the 2 kinases share some substrates, the two kinases’ consensus sequences
are different. This is an area we would like to investigate. Dyrk 1A’s consensus sequence is
RPX(S/T)P (Himpel, Tegge et al. 2000). Dyrk 1A is a proline directed kinase which means
that there is a proline immediately C-terminal to the phosphorylation site (P+1 site) (Vulliet,
Hall et al. 1989; Mukhopadhyay, Price et al. 1992; Davis 1993). Dyrk 1B is arginine
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directed and with the exception of p27kip1, Arg can be positioned at the P+/-3 position.
Ser247 of HNF-1α is phosphorylated by Dyrk 1B. No other consensus Dyrk 1B (or Dyrk
1A) phosphorylation sites exist. HNF-1α phosphorylation persisted after alanine mutation of
Ser247 indicating that a non-consensus phosphorylation site exists.

Dyrk 1B Function in Cell Cycle Regulation
Dyrk 1B is a versatile protein kinase involved in cell cycle regulation, survival, and
differentiation (Lee, Deng et al. 2000; Lim, Jin et al. 2002; Lim, Zou et al. 2002). Dyrk 1B is
highly expressed in tumor cells and normal tissue such as heart, brain, testes, and skeletal
muscle. In skeletal muscle tissue, it is involved in muscle cell differentiation (Guimera,
Casas et al. 1999; Leder, Weber et al. 1999; Lee, Deng et al. 2000). Low expression levels in
a variety of tissues indicates a general role for Dyrk 1B in cell physiology or growth (Deng,
Mercer et al. 2004). How Dyrk 1B toggles between these disparate roles in proliferation and
differentiation is not clear in the published literature. This prompted investigation of Dyrk
1B’s role in cell cycle regulation (Deng, Mercer et al. 2004).
Initial evidence for the role of Dyrks in cell cycle regulation arose from the finding
that the dyrk homolog in yeast, Yak1p, halted the cell cycle at the Go/G1 transition in yeast
(Garrett, Menold et al. 1991). Dyrk 1B up-regulation is correlated with a variety of cancers
(Lee, Deng et al. 2000). Dyrk 1B protein levels are 10-fold greater in a subset of colon
carcinomas compared to normal tissue. Dyrk 1B is expressed in a number of solid tumors
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Figure 10. Sequences for Dyrk 1B substrates.
The known Dyrk 1B substrates are summarized alphabetically along with their
phosphorylation sequences aligned. The consensus sequence is shaded and also shown at
the bottom. The asterisk (*) indicates phosphorylation. Dyrk 1B is arginine directed; the
arginine can be located 3 residues away from the phosphorylated residue in either direction
(P+/-3). Proline is usually present next to the phosphorylated residue, though it is not
absolutely necessary (Lim, Jin et al. 2002; Deng, Mercer et al. 2004; Zou, Ewton et al. 2004;
Deng, Ewton et al. 2005; Mercer, Ewton et al. 2005). Modified from (Friedman 2007).
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such as colon, prostate, ovarian, and nonsmall cell lung carcinomas, rhabdomyosarcoma,
and pancreatic ductal adenocarcinoma (Mercer and Friedman 2006). Comparison of the
cloned cDNA sequence to the genomic sequence indicates that Dyrk 1B regulation is not due
to a mutation of Dyrk 1B but rather is due to an increase in transcription rate (Lee, Deng et
al. 2000).
Dyrk 1B can mediate cell survival in vitro (Lee, Deng et al. 2000). Colon carcinomas
stably overexpressing Dyrk 1B were able to proliferate under serum-free conditions or prior
to autocrine growth factor induction early in the development of colon cancer whereas
control transfectants and kinase-dead mutant transfectants were not (Lee, Deng et al. 2000).
Dyrk 1B may enable cells to survive a brief period of tumor prevascularization when
carcinomas no longer have access to nutrients, especially solid tumors. Mutations in the
YQY activation domain or the ATP binding domain inhibit its kinase activity rendering
colon carcinoma cell incapable of survival in serum free media (Lee, Deng et al. 2000). This
suggests that kinase activity is necessary for colon cancer survival.
Dyrk 1B is noticeably overexpressed in pancreatic cancer, more so than in colon
cancer from which Mirk was identified. According to Deng et al. 2006 (Deng, Ewton et al.
2006), it would seem that pancreatic adenomcarcinomas survival is mediated by the activity
of either of 2 survival kinases, Dyrk 1B or Akt. The 2 kinases were inversely expressed in
several pancreatic cancer cell lines tested (Deng, Ewton et al. 2006). Later, Dyrk 1B was
discovered to be a downstream effector of oncogenic K-Ras via Rac1 activation (Jin, Park et
al. 2007).
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Cell cycle regulation by Dyrk 1B occurs through interaction with several cell cycle
regulators including cyclin D1, p21Cip1, and p27Kip1(Ewton, Lee et al. 2003; Zou, Ewton et
al. 2004). Phosphorylation can induce ubiquitination and turnover of cyclins and cyclin
dependent kinase inhibitors during the cell cycle. D cyclins are induced by mitogens and are
expressed at high levels in G1. D cyclins aid with nuclear import of CDK4 and complex
with CDK4/6 to phosphorylate Rb protein, which releases factors for transitioning from G1
to S of the cell cycle (Sherr 1993; Diehl and Sherr 1997). Phosphorylation of cyclin D is
required for DNA synthesis during S phase (Guo, Yang et al. 2005). Dyrk 1B levels and
activity are highest in Go in myoblasts. In skeletal muscle which has been serum deprived,
Dyrk 1B arrests myoblasts in Go by phosphorylating cyclin D1 and p27kip1 (Deng, Ewton et
al. 2003; Deng, Mercer et al. 2004; Zou, Ewton et al. 2004).
Cyclin-dependent kinase inhibitors (CKI), like p27Kip1 and p21Cip1, regulate cell
cycling. High levels of the Cip/Kip family members halt cell cycling at Go/G1 by
complexing with G1 cyclin/CDK complexes, such as CDK2/ cyclin E, until elevated levels
of mitogens induce G cyclins and subsequent cell cycling (proliferation) (Polyak, Lee et al.
1994; Toyoshima and Hunter 1994). In colon carcinomas, Dyrk 1B increased the turnover of
cyclin D1 and p21Cip1 (Ewton, Lee et al. 2003).
Dyrk 1B phosphorylation of the 2 CKIs has contrasting effects. Phosphorylation of
p21cip1 on Ser153 (NLS region) prevents nuclear localization so the p21 remains in the
cytoplasm (Mercer, Ewton et al. 2005). p27 phosphorylation on Ser10 by Dyrk 1B, however,
blocks degradation in quiescent cells, i.e. Dyrk 1B phosphorylation of p27Ser10 is required
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for increased stabilization (Deng, Mercer et al. 2004; Besson, Gurian-West et al. 2006). This
phosphorylation by Dyrk 1B is a requirement for the anti-apoptotic and cell cycle arrest
protein, Bcl2 and BclXL, mediated Go quiescence in NIH3T3 and murine embryonic
fibroblasts (Janumyan, Cui et al. 2008).
HNF-1α, MKK3, Dyrk 1B, DCoH1, and DCoH2 are all expressed in normal liver,
kidney, and pancreas as well as in respective cancerous tissues. They are also expressed in
colon cancer but not normal colon tissue. DCoH is thought to be an oncofetal protein, one
which is present during development, then disappears in normal adult colon but not in colon
tumors. DCoH may enable proliferation through either of its functions (Eskinazi, Thony et
al. 1999). Dyrk 1B and DCoH are both not only overexpressed in colon carcinomas but are
also able to enhance HNF-1α activity (Eskinazi, Thony et al. 1999; Lim, Jin et al. 2002).
The 3 proteins, Dyrk 1B, DCoH2, and HNF-1α can also form a ternary complex (Figure 11)
(Lim, Jin et al. 2002). Dyrk 1B does not phosphorylate DCoH2, so it has been suggested that
DCoH2 recruits Dyrk 1B to HNF-1α (Lim, Jin et al. 2002; Biondi and Nebreda 2003). It is
not clear how over-expression of HNF-1α is related to colon cancer, but the implication is
that HNF-1α promoted tumorigenesis in colon carcinomas via enhanced transcription.
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Figure 11. Dyrk 1B associates with DCoHm (DCoH2) and HNF-1α separately and in a
complex.
A GST-pull-down assay using GST-HNF-1α or GST-DCoH2 was used to show interactions
with 35-S labeled Dyrk 1B or DCoH2 (Lim, Jin et al. 2002)
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Dyrk 1B in Differentiation
Dyrk 1B plays a pivotal role in regulating the transition between cell cycling
(proliferation) and differentiation. Dyrk 1B promotes cell survival during the initial phases
of differentiation (Mercer, Ewton et al. 2005).
Dyrk 1B does not only maintain untransformed cells in Go arrest (Deng, Mercer et al.
2004; Zou, Ewton et al. 2004). This Go checkpoint kinase mediates differentiation, for
example, in myoblasts during myogenesis (Deng, Ewton et al. 2003). Dyrk 1B
phosphorylates cyclin D1 at T288 which mediates ubiquitination and degradation of cyclin
D1 (Zou, Ewton et al. 2004; Takahashi-Yanaga, Mori et al. 2006). Dyrk 1B can
phosphorylate cyclin D1 and D3 regardless of whether or not it is overexpressed (Friedman
2007). The significance of this phosphorylation is that if cyclin D1 and D3 are not degraded,
they are active, so they can activate CDKs. Then p130/Rb2 becomes highly phosphorylated
and can no longer sequester E2F4, a transcription factor which maintains quiescence
(Friedman 2007).
Dyrk 1B mediates differentiation by activating certain transcription factors.
Previously, it was mentioned that Dyrk 1B is a transcriptional co-activator for HNF-1α.
Dyrk 1B also functions indirectly as a transcriptional coactivator for the bHLH transcription
factor MEF2, which is involved in myoblast differentiation (Deng, Ewton et al. 2005).
MEF2 is inhibited by class II histone deacetylases (HDACs). Phosphorylation of HDACs by
Dyrk 1B in the NLS region prevents nuclear localization which then permits MEF2 to
transcribe myogenin, thereby enabling differentiation (Deng, Ewton et al. 2005).
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Supporting a role of Dyrk 1B in differentiation is the involvement of another Dyrk
family member, Dyrk 1A, in neuronal differentiation (Yang, Ahn et al. 2001). Dyrk 1A
phosphorylates CREB in vivo activating CRE-mediated transcription during neuronal
differentiation in hippocampal progenitor cells.
Interestingly, both Dyrk 1A and Dyrk 1B are transcriptional coactivators of FKHR
(FOXO1-a dependent glucose-6-phosphatase) independent of their kinase activity (von
Groote-Bidlingmaier, Schmoll et al. 2003). Additionally, homeodomain-interacting protein
kinases, HIPK1-3, and androgen receptor interacting protein kinase, ANPK, are Dyrk-related
kinases that are also known to play a role in transcriptional regulation (Kim, Choi et al. 1998;
Moilanen, Karvonen et al. 1998). HIPK1-3 and ANPK enable the transcriptional activity of
specific homeoproteins involved in embryogenic development and neurogenesis and
androgen receptor activation which in turn mediates biological actions of male sex steroids,
respectively (Quigley, De Bellis et al. 1995; Harvey 1996).
The transition from cell cycling to differentiation seems to be mediated by the
presence of mitogens. p38 is known to inhibit Dyrk 1B by sequestering it (Lim, Zou et al.
2002). p38 is also necessary for terminal differentiation in muscle cells (Cabane, Englaro et
al. 2003). Therefore, Dyrk 1B and p38 may mediate different steps in muscle cell maturation
with p38 picking up the tail end of the process and inhibiting Dyrk 1B activity. Because of
Dyrk 1B’s role at the Go/G1 transition, it was suggested that Dyrk 1B may play a role in the
transition between replication and differentiation of beta cells (Lim, Zou et al. 2002).
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Role of Dyrk 1B in Regulation of Apoptosis
Dyrk 1B is also involved in the regulation of apoptosis. Dyrk 1B phosphorylation of
p21Cip1 on Ser153 of the NLS region prevents translocation to the nucleus (Mercer, Ewton
et al. 2005). Cytoplasmic localization not only prevents p21 from mediating cell cycle arrest,
but also inhibits pro-apoptotic signaling via sequestration of procaspase 3 and apoptosis
signaling kinase 1 (ASK1) (Asada, Yamada et al. 1999; Zhou, Liao et al. 2001; Deng, Ewton
et al. 2006). Phosphomimetic p21S153D is also very effective at blocking caspase 3
activation in the cytoplasm (Mercer, Ewton et al. 2005).

Regulation of Dyrk 1B
Dyrk 1B is regulated in a number of ways. Autophosphorylation causes a critical
conformational change necessary for phosphorylation by other kinases (Jin, Lim et al. 2005).
In the activation loop of this family of kinases, there are two tyrosines at positions 271 and
273 which are phosphorylated. Only the second tyrosine autophosphorylation is necessary
(Becker and Joost 1999; Kassis, Melhuish et al. 2000; Himpel, Panzer et al. 2001; Lochhead,
Sibbet et al. 2005). The sequence in Dyrk 1B is Tyr-X-Tyr vs. Thr-X-Tyr in the MAPKs,
e.g. Erk1 (Lee, Deng et al. 2000). It was recently reported that Dyrk autophosphorylation
occurs during translation by a transitional intermediate form of Dyrk (Lochhead, Sibbet et al.
2005). Recombinant Dyrk 1B is phosphorylated on Tyr273 and is constitutively active (Lee,
Deng et al. 2000).
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Dyrk 1B interacts with a number of MAPKs. MAPKs transduce signal from growth
factors, cytokines, hormones, and environmental stresses and are activated via
phosphorylation (Canagarajah, Khokhlatchev et al. 1997). MAPK phosphorylation is carried
out by an upstream dual specificity protein kinase, MAPK kinase kinase or MEK, in
mammalian cells (Nakielny, Cohen et al. 1992).
Regulation of Dyrk 1B by MAPKs can be activating or inhibiting. Dyrk 1B is a
target of the MAPKs MKK3, extracellular signal related kinase 2 (ERK2), and p38 (Lee,
Deng et al. 2000; Lim, Jin et al. 2002). Dyrk 1B co-immunoprecipitated with MKK3 (Lim,
Jin et al. 2002). MKK3 activated Dyrk 1B and enhanced HNF-1α activity via Dyrk 1B
phosphorylation. The MKK3 phosphorylation sites on Dyrk 1B remain to be identified,
though it is possible that one of the tyrosines in the autophosphorylation loop could be
phosphorylated by MKK3 (Lim, Jin et al. 2002). There is also a MAPK phosphorylation
sequence in the non-conserved C-terminus (Lee, Deng et al. 2000). The fact that kinase dead
Dyrk 1B mutants transfected with MKK3 did not further enhance the transcriptional activity
of HNF-1α (as observed with MKK3 and kinase active Dyrk 1B) indicates that MKK3 also
phosphorylates Dyrk 1B on residues hidden by the lack of conformational change that
autophosphorylation normally provides (Lim, Jin et al. 2002). This was later confirmed that
Dyrk 1B requires autophosphorylation to permit a critical conformational change required for
phosphorylation by other kinases (Jin, Lim et al. 2005). In myoblasts, Dyrk 1B transcription
is also induced by members of a small family of conserved Rho GTPases (Cdc42 and RhoA)
and by inhibiting the MEK-ERK pathway (Deng, Ewton et al. 2003).
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MKK3 is also an activator of p38 and was originally thought to activate p38 which
might then activate Dyrk 1B. However, p38 was unusual in that it sequestered Dyrk 1B
independent of kinase function and inhibited HNF-1α activation by Dyrk 1B (Lim, Zou et al.
2002). It was therefore suggested that MKK3 may activate Dyrk 1B in response to certain
stresses and that Dyrk 1B competes with p38 for activation by MKK3 (Lim, Zou et al. 2002).
Dyrk 1B levels are reduced by activated ERKs in vivo due to phosphorylation at a Cterminal serine and possibly another residue within the PEST region (Marian, Winawer et al.
1989; Lee, Deng et al. 2000). Dyrk 1B’s ability to enable proliferation under serum-free
conditions or prior to autocrine growth factor induction early in the development of colon
cancer suggested that elevated Dyrk 1B levels in certain colon carcinomas mediate growth
and proliferation under conditions in which the ERK 1 /2 class of MAPK levels are low (Lee,
Deng et al. 2000). This may enable cells to survive a brief period of tumor
prevascularization when carcinomas no longer have access to nutrients, as occurs in solid
tumors.
Another inhibitor of Dyrk 1B, Ran binding protein M (RanBPM), was identified by
yeast two hybrid screening. RanBPM functions as an adaptor for hepatocyte growth factor
receptor (HGFr) or MET (Wang, Li et al. 2002). Dyrk 1B overexpression and interaction
with the HGF signaling pathway inhibited cell migration (Zou, Lim et al. 2003). RanBPM
abrogated Dyrk 1B activities as a kinase and as a transcriptional activator. HGF inhibited
Dyrk 1B’s role in transcription. Transcriptional activity was tested using a SRE-luciferase
reporter assay. The met oncogene may be important in the development of
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rhabdomyosarcoma, a muscle tumor in which Dyrk 1B mediates survival. MET is involved
in cell migration and tumor cell invasion. Dyrk 1B’s role in differentiation may be inhibited
by HGF.
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Goals
The focus of our lab has been HNF-1α and elucidating its regulation. This required
understanding regulation of the regulators. In the DCoH chapter (Chapter 2), we will show
that the stability difference between 2 DCoH homologues helps to mediate interaction with
HNF-1α.
Our goals for the Dyrk 1B project include structural and functional aspects (Chapter
3), particularly substrate specificity and requirement for autophosphorylation. In order to
study the protein, we needed a functionally stable kinase construct to work with. Much effort
went into identifying this. The structure of Dyrk 1B remains unknown but may be similar to
the structure of Dyrk 1A which was recently solved.
The major question we wanted to address was how phosphorylation of HNF-1α
regulated its activity. Phosphorylation on different sites of the same protein can have
activating, stabilizing, or detrimental (e.g. degradative) effects on the protein. Ultimately, we
would like to map all the phosphorylation sites on HNF-1α. In addition, we would like to
define which residues of Dyrk 1B interact with DCoH and HNF-1α. We know that HNF-1α
(a.a. 112-203) interacts with Dyrk 1B (a.a. 111-233) which corresponds to the first five
kinase domains. The amino terminus of the kinase, however, is necessary for activation of
HNF-1α (Lim, Jin et al. 2002). DCoH is presumed to interact with the amino terminus of
Dyrk 1B.
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Understanding transcriptional regulation of HNF-1α may provide us with a better
understanding of beta cell transcription in normal and disease states such as diabetes and
various cancers. Loss of HNF-1α function is also associated with carcinomas, so a better
understanding of HNF-1α regulation, or misregulation, may aid with the development of
strategy in treatment of cancer by promoting differentiation. Additionally, determining the
structure of the kinase may aid with cancer drug therapy.
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ABBREVIATIONS
DCoH, Dimerization Cofactor of HNF-1; DTT, dithiothreitol; GST, glutathione Stransferase ; GdnHCl, guanidine hydrochloride; HNF-1, Hepatocyte Nuclear Factor-1;
MWCO, molecular weight cut-off; PBS, phosphate buffered saline; PCD, pterin-4acarbinolamine dehydratase ; SDS PAGE, sodium dodecyl sulfate polyacrylamide gel
electrophoresis; wt, wild type; β-ME, β-mercaptoethanol, ΔASA, change in solvent
accessible surface area, C1/2, unfolding midpoint.
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ABSTRACT
The two disparate functions of DCoH1 (Dimerization Cofactor of HNF-1)/ PCD (pterin-4acarbinolamine dehydratase) in mammals are associated with a change in oligomeric state.
DCoH dimers enhance the activity of the diabetes-associated transcription factor, HNF-1α
(Hepatocyte Nuclear Factor-1α), while the PCD activity of DCoH1 homotetramers aid in
aromatic amino acid metabolism. These complexes utilize the same interface of DCoH.
Formation of the complex between DCoH1 and HNF-1α reportedly requires co-folding. In
order to investigate how the interaction between DCoH and HNF-1α is regulated, we
measured the stability of the DCoH1 homotetramer through unfolding studies. Surprisingly,
the DCoH1 homotetramer is kinetically stable. Homotetramers of the DCoH1 paralog,
DCoH2, readily unfold and interact with HNF-1α. We show that a point mutation at the
DCoH1 tetramer interface, Thr 51 Ser, overcomes the dissociation barrier of the
homotetramer and increases the interaction with HNF-1α. No intermediate was apparent in
the equilibrium unfolding data of DCoH2 and DCoH1 T51S, so the data were fit to a twostate unfolding model. DCoH2 is more stable than DCoH1 T51S against GdnHCl
denaturation, but the DCoH2 m-value is significantly less than that of DCoH1 T51S which is
indicative of deviation from a two-state model. The 1.8 Ǻ resolution crystal structure of
DCoH1 T51S shows the presence of an ordered water molecule at the tetramer interface, as
in DCoH2. We propose that the Thr 51 Ser mutation primarily destabilizes the tetramer
unfolding transition state of DCoH1, suggesting slow folding of the wild type DCoH1
homotetramer. DCoH1 kinetic stability is interpreted in terms of the solvation/desolvation
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barrier model. Implications for regulation of DCoH1/HNF-1α complex formation are
discussed.
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INTRODUCTION
Transcriptional co-activators frequently fulfill multiple regulatory roles by binding
different protein partners. This is true of general co-activators, such as CBP and p300,
which can interact with many different transcription factors (Chan and La Thangue 2001; Vo
and Goodman 2001). It is also true of more specialized co-activators, such as DCoH, OcaB
and SRC, which regulate specific transcription factors (Mendel, Khavari et al. 1991;
Spiegelman and Heinrich 2004). A number of specialized co-activators have been shown to
be bi-functional, fulfilling non-transcriptional roles through interactions with other proteins
(Beckett 2004). The molecular basis for selection among partners is important for
determining how these co-activators regulate transcription.
The bi-functional protein DCoH (Dimerization Cofactor of HNF-1) provides an
example of a multi-purpose interface that mediates distinct protein-protein interactions
(Citron, Davis et al. 1992; Hauer, Rebrin et al. 1993; Endrizzi, Cronk et al. 1995; Rose,
Bayle et al. 2000). In the cytoplasm, DCoH, also called pterin-4a-carbinolamine dehydratase
(PCD), functions as a metabolic enzyme (Huang and Kaufman 1973; Rebrin, Bailey et al.
1995). The PCD activity regenerates tetrahydrobiopterin, a cofactor of nitric oxide synthase
and aromatic amino acid hydroxylases (Kaufman 1970; Kaufman 1993). Mutations in
DCoH1 cause transient hyperphenylalaninemia (Citron, Kaufman et al. 1993; Thony,
Neuheiser et al. 1998; Hevel, Stewart et al. 2006). In the nucleus, DCoH functions as a coactivator to enhance the transcriptional activity of HNF-1α or HNF-1β (Mendel, Khavari et
al. 1991). DCoH binding to HNF-1α enhances HNF-1α directed transcription, in part by

86

stabilizing HNF-1α dimers. In both contexts, DCoH folds into a tetrameric structure. As a
metabolic enzyme it forms a homotetramer (a dimer of dimers). As a coactivator a dimer of
DCoH interacts with a dimer of HNF-1 (Endrizzi, Cronk et al. 1995; Rose, Bayle et al.
2000). Both complexes compete for the same tetramerization interface of the DCoH dimer
(Figure 1).
DCoH1 carries out its diverse functions in different cellular contexts. DCoH1
functions as an enzyme and a coactivator in liver, kidney, small intestine, and pancreas,
tissues that also express HNF-1 (Mendel, Khavari et al. 1991; Strandmann, Senkel et al.
1998; Bayle, Randazzo et al. 2002). Consistent with its independent enzymatic function,
DCoH1 is also expressed in skin, brain, heart and eye. DCoH1 may also interact with
nuclear factors other than HNF-1 (Pogge v Strandmann and Ryffel 1995; Pogge v
Strandmann, Senkel et al. 2000; Bayle, Randazzo et al. 2002). The importance of HNF-1α
and HNF-1β in pancreatic beta cells was demonstrated by inherited mutations associated
with Maturity-Onset Diabetes of the Young Type 3 (MODY3) (Yamagata, Furuta et al.
1996) and MODY5 (Horikawa, Iwasaki et al. 1997), respectively. DCoH1 levels in the liver
have been estimated at about 4-6 μM (Rebrin, Bailey et al. 1995; Rebrin, Bailey et al. 1995;
Hevel, Pande et al. 2008), while HNF-1α is present at low nanomolar concentrations
(Lichtsteiner and Schibler 1989; Chouard, Blumenfeld et al. 1990; Hevel, Stewart et al.
2006). We are not aware of concentration measurements in pancreatic beta cells. A paralog
of DCoH1, DCoH2 (or DCoHm), retains the same enzymatic and coactivator functions as
DCoH1 and is also expressed in liver, kidney and intestine (Bayle, Randazzo et al. 2002;
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Lim, Jin et al. 2002). Human DCoH1 and DCoH2 share 61 % sequence identity. Unlike
DCoH1, DCoH2 is highly expressed in muscle, and DCoH1 and DCoH2 are reportedly
expressed in different phases of the cell cycle (Kim, You et al. 2001).
Characterizations of the properties of DCoH1 governing formation of the
DCoH1/HNF-1α co-activator complex have centered on the hyperstability of the DCoH1
homotetramer in vitro (Cronk 1996; Rose, Bayle et al. 2000; Hevel, Stewart et al. 2006).
The DCoH1 homotetramer is thermally stable when heated to 90°C (Cronk 1996).
Consistent with the stability of the homotetramer, DCoH1 fails to interact with the HNF-1α
dimerization domain if mixed in vitro (Ficner, Sauer et al. 1995; Cronk 1996; Johnen and
Kaufman 1997; Rose, Bayle et al. 2000). The DCoH/HNF-1α complex forms by coexpression of DCoH1 and HNF-1α or after denaturing DCoH1 in GdnHCl and re-naturing in
the presence of the HNF-1α dimerization peptide (Ficner, Sauer et al. 1995; Cronk 1996;
Johnen and Kaufman 1997; Rose, Bayle et al. 2000). These observations led to the idea that
the DCoH1 homotetramer is thermodynamically very stable, while the DCoH/HNF-1α
complex is kinetically formed and trapped (Rose, Pullen et al. 2004). There is no evidence
to date for chaperone-mediated folding of DCoH. In contrast, the DCoH2 homotetramer
purportedly dissociates into dimers in solution (Rose, Pullen et al. 2004; Hevel, Stewart et al.
2006). A DCoH2/HNF-1α complex can form by mixing of the DCoH2 homotetramer and
HNF-1α in vitro, suggesting that the DCoH2 homotetramer is less stable than the DCoH1
homotetramer.
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In order to further investigate the relative stabilities of the DCoH1 and DCoH2
homotetramers, we performed chemical denaturation studies using GdnHCl. Equilibrium
unfolding of DCoH2 was fit to a two-state model. Surprisingly, the DCoH1 homotetramer is
not thermodynamically hyperstable, as previously thought, but is very slow to unfold
indicating that it is kinetically stable (Sohl, Jaswal et al. 1998). A point mutant in the
tetramer interface, Thr 51 Ser, increases the unfolding rate so it resembles DCoH2. These
results are interpreted in the context of the solvation barrier model for slow unfolding
(Rodriguez-Larrea, Ibarra-Molero et al. 2006). Kinetic stability of DCoH1 has implications
for formation of the complex with HNF-1 in vivo.
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EXPERIMENTAL PROCEDURES

DCoH Purification
Mouse DCoH2 (Rose, Pullen et al. 2004) and rat DCoH1 (Endrizzi, Cronk et al.
1995) subcloned into the pGEX-2T vector (Pharmacia) were over-expressed in E coli strain
BL21 (Novagen) as fusion proteins with glutathione-S-transferase. To generate the DCoH1
T51S mutation, the ACA codon for Thr 51 was substituted with the TCA codon for Ser
using the primer: C AGG GCT TTT GGC TTC ATG TCA AGA GTC GCC CTG CA (the
mutated codon is underlined) by PCR-based mutagenesis in the rat DCoH1 pGEX-2T vector
(Makarova, Kamberov et al. 2000). Cells were grown at 37°C to OD 0.6, induced overnight
at 22°C with 1 mM isopropyl-β-D-1-thiogalactopyranoside (IPTG), lysed in 50 mM Tris (pH
8.5), 300 mM NaCl, 1 mM dithiothreitol (DTT) and purified with Glutathione Sepharose 4
Fast Flow resin (Amersham Pharmacia) according to the manufacturer's instructions. The
GST tag was removed by thrombin cleavage for 5 hours at room temperature, as described
by the manufacturer (MPBio). Thrombin was subsequently removed on a paminobenzamidine agarose column (Sigma). Protein was concentrated with an Amicon
Ultra centrifugal filter device (5K MWCO, Millipore). The final purified proteins were
greater than 95% pure as judged from a Coomassie Blue-stained (Sigma) SDS PAGE NEXT
Gel (ISC BioExpress) (data not shown). Protein concentrations were measured by Bradford
(BioRad) for DCoH1 and DCoH1 T51S using albumin as a standard, and UV absorbance for
DCoH2 in 8 M GdnHCl with the calculated extinction coefficient, ε= 19480 M-1 cm-1 (Gill
and von Hippel 1989; Gasteiger, Hoogland et al. 2005).
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Affinity Chromatography Assay
Mouse HNF-1α (residues 1-280) with a C-terminal His6-tag (HNF-1α 1−280-His6)
sub-cloned into the pET24b vector (Novagen) (Rose, Pullen et al. 2004) was expressed in E
coli strain BL21 (DE3) (Novagen). Cells were grown at 37°C to 0.6 OD and induced
overnight at 22°C with 1 mM IPTG. Cells were sonicated in PBS (pH 7.4), 10 mM
imidazole and 20 mM β-mercaptoethanol (β-ME) and purified on a His-Select nickel column
(Sigma) according to the manufacturer's instructions. HNF-1α 1−280-His6 was eluted from
the column with an imidazole gradient (20-250 mM imidazole) and treated with 0.2%
polyethyleneimine (PEI, Sigma) for 20 minutes at 4°C to remove DNA. The final protein
was concentrated and buffer exchanged into 50 mM Tris (pH 8.0), 300 mM NaCl, 20 mM βME using an Amicon Ultra centrifugal filter device (10K MWCO, Millipore). The final
purified protein was greater than 95% pure as judged from a Coomassie-stained SDS PAGE
gel (data not shown).
Interaction between HNF-1α and DCoH was measured with HNF-1α 1−280-His6
immobilized on Ni2+-chelating resin (Qiagen) as described with minor modifications (Rose,
Pullen et al. 2004). Briefly, 40 μg HNF-1α was bound to 20 μL of resin pre-equilibrated in
PBS (pH 7.4), 30 mM imidazole and 20 mM β-ME buffer. The resin was washed
extensively and incubated with purified DCoH1, DCoH1 T51S, or DCoH2 (40 μg). Resin
was washed twice with 550 μL buffer and 3 times with 200 μL buffer. Sample loading
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buffer was added to the resin and analyzed with a 12.5% SDS-PAGE NEXT Gel (ISC
BioExpress) stained with Coomassie Blue (Sigma).

DCoH1 T51S Structure Determination
DCoH1 T51S (13 mg/mL) crystallized with Hampton Crystal Screen #39 (0.1M
HEPES-Na pH 7.5, 2% v/v PEG400, 2.0 M ammonium sulfate), similar to the conditions for
crystallization of wild type DCoH1 (Endrizzi, Cronk et al. 1995). Crystals were briefly
soaked in a cryoprotectant composed of 0.1M HEPES-Na (pH 7.5), 2.0 M ammonium
sulfate, 4% v/v PEG200, and 22.5% glycerol and flash frozen in liquid nitrogen. Data were
collected to 1.8 Å at the Southeast Regional Collaborative Access Team (SER-CAT) beam
line 22-ID at the Advanced Photon Source (Argonne, IL). The data were indexed in space
group P3221 with MOSFLM (Leslie 1992), scaled with Scala, and F's calculated with
Truncate using the ELVES interface (Table 4) (French and Wilson 1978; Evans 1993;
Collaborative Computation Project 1994; Holton and Alber 2003). The space group and unit
cell dimensions indicated the packing of DCoH1 T51S in the crystal was the same as for
pdbid: 1DCH (Endrizzi, Cronk et al. 1995). An initial model consisting of two DCoH1
homotetramers, with Thr 51 changed to Ala and with water molecules removed, was
positioned relative to the DCoH1 T51S crystal data by rigid body refinement with CNS,
allowing the position of each homotetramer to refine independently, resulting in an R-factor
of 50.5% (Brunger, Adams et al. 1998). After positional refinement and B-factor
refinement, the R-factor and R-free dropped to 32% and 35%, respectively. The model was
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further refined with CNS alternated with manual building using the programs O (Jones, Zou
et al. 1991) and Coot (Emsley and Cowtan 2004). The final 1.8 Å resolution model (see
Table 4 for refinement statistics) includes 397 amino acids for one tetramer (chains A-D),
399 amino acids for the second tetramer (chains E-H), 524 water molecules, one sulfate
molecule per protein monomer, and 4 glycerol molecules associated with each tetramer.
Structure figures were generated with Pymol (Delano 2002). The cavity at the
tetramer interface was calculated with the program Voidoo (Kleywegt and Jones 1994) and
written out in ezd format. The cavity was displayed in Pymol after being converted to Xplor
format using Mapman (Kleywegt and Jones).

Unfolding Studies
DCoH unfolding was monitored by guanidine hydrochloride (GdnHCl, Pierce)
induced denaturation by intrinsic tryptophan fluorescence using a PTI C-61
spectrofluorometer (Photon Technology International). DCoH1 monomers contain two Trp
residues, and DCoH2 monomers contain three Trp residues. Only 1 tyrosine is present in
both DCoH1 and DCoH2. Excitation at 280 nm and 295 nm produced the same emission
profiles indicating the fluorescence signal is dominated by the tryptophans (not shown).
Fluorescence measurements were acquired at 25 ºC using an excitation wavelength of 280
nm and emission scans from 300-400 nm. The scan rate was 1 nm/second. Emission data at
330 nm were used for the folding profiles.
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For folding studies, all experiments were carried out at pH 7.4 in phosphate buffer.
Concentrated DCoH stocks were diluted into phosphate buffer, pH 7.4, containing 50 mM
KH2PO4/ K2HPO4 (Sigma, J.T. Baker), 1 mM DTT (Sigma), plus or minus GdnHCl. The
GdnHCl concentration was checked by refractive index with a Fischer Scientific
refractometer using the equation described in (Pace and Scholtz 1997). Solutions were
prepared fresh for each experiment and filtered through 0.22 μm pore sized filters (Whatman
Puradisc). Unfolding reactions were carried out in 2 mL low retention tubes (Sigma) to
minimize protein loss.
Unfolding and refolding curves were compared to confirm that protein samples had
reached equilibrium. For unfolding experiments, concentrated protein stocks were diluted
with phosphate buffer containing 0-4 M GdnHCl. For refolding experiments concentrated
protein stocks were unfolded in phosphate buffer containing 4 M GdnHCl and incubated
overnight. The fluorescence emission profiles at 4 M and 6 M GdnHCl were identical (not
shown); therefore 4 M GdnHCl was used for unfolding. The following day, samples were
diluted to the appropriate denaturant and protein concentrations with phosphate buffer and
phosphate buffer containing GdnHCl. All samples were incubated overnight prior to
measurement unless otherwise indicated. Equilibrium unfolding experiments for DCoH1
T51S were carried out by pre-mixing two protein stock solutions having the same final
protein concentration: one in phosphate buffer and a second in phosphate buffer containing 4
M GdnHCl. Various volumes of the 0 M and 4 M GdnHCl protein solutions were mixed to
the appropriate GdnHCl concentrations and incubated overnight prior to measurement.
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Under equilibrium conditions, emission spectra were measured at 0.5 μM, 1.05 μM, 2.1 μM
and 4.2 μM protein concentrations. All protein concentrations are reported in terms of
DCoH monomers. For DCoH2, unfolding and re-folding data were compared to obtain the
final equilibrium curve.
Fluorescence emission data were analyzed by first subtracting the buffer background
at the appropriate guanidine concentration, which was interpolated from the emission signal
measurements of phosphate buffer and phosphate buffer containing 4 M GdnHCl.
Fluorescence data were normalized using the equation:

I=

(Y – YU)
(YN – YU)

in which I is the normalized signal (typically ranging from 0-1), Y the signal at a given
GdnHCl concentration, YN the signal in phosphate buffer, and YU the signal in phosphate
buffer containing 4 M GdnHCl.

Modeling
The normalized unfolding signal was monophasic so the data were fit to the simplest
two-state model (N4 ↔ 4U) as derived in Table 1, based on the equations described in
(Catanzano, Graziano et al. 1998). The model includes a linear baseline for low and high
GdnHCl concentrations. The quartic equation (Table 1, Equation 7) has single real
solutions, according to Descartes’ Rule of Signs. Data were fit using the program Igor Pro
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(WaveMetrics, Inc). The Igor Pro algorithms used to fit the data are included as Supporting
Information. The equilibrium unfolding data were fit globally for the four protein
concentrations. Initial guesses for m-values were derived from the relationship to solvent
accessible surface areas (Table 3) (Myers, Pace et al. 1995) as calculated by NACCESS
(Hubbard and Thornton 1993).
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RESULTS

DCoH Unfolding Monitored by Intrinsic Tryptophan Fluorescence
Unfolding of DCoH1 and DCoH2 was monitored by the intensity change of the
intrinsic tryptophan fluorescence. The DCoH1 monomer contains two tryptophans at
positions 25 and 66 (Figure 1). DCoH2 contains the same 2 tryptophans as DCoH1 as well
as a third tryptophan at position 7.
DCoH1 is thermally stable (Cronk 1996). Therefore chemical denaturation was used
to unfold the proteins. Surprisingly, DCoH1 was resistant to denaturation in 8 M urea (not
shown) but did unfold in guanidine hydrochloride (Figure 2). DCoH1 and DCoH2 were
completely unfolded after incubating overnight in 4 M GdnHCl. The red shift of the
tryptophan emission maxima and lower emission intensity is characteristic of increased
solvent exposure upon denaturation (Eftink 1994).

DCoH2 Unfolding is Reversible
Unfolding and refolding profiles for DCoH2 substantially overlapped after 24 hours
except at 2 M GdnHCl (Figure 3A). A time course of the unfolding and refolding rates at 2
M GdnHCl indicated that the 2 M GdnHCl refolding sample reached equilibrium after 24
hours. The 2 M GdnHCl unfolding sample reached equilibrium more slowly, requiring
between 24 and 72 hours (not shown). The slow unfolding of the 2 M GdnHCl sample
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Figure 1. Ribbon diagram representation of the tetrameric DCoH2 showing the positions of
the tryptophans.
The magenta/green and blue/yellow pairs each represents a DCoH2 dimer. The 3
tryptophans side chains, at positions 7, 25, and 66, are shown as stick representations.
DCoH1 (not shown) has only 2 tryptophans at positions 25 and 66. The structure was
generated in PyMol using pdbid 1RU0.
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Figure 2. Relative fluorescence emission spectra of native and denatured DCoH2 and
DCoH1 at 2.1 μM protein.
Proteins are in phosphate buffer containing 0 M or 4 M GdnHCl. The proteins were
denatured with 4 M GdnHCl and incubated overnight. DCoH2 denaturation resulted in a red
shift of λmax from 333 nm at 0 M GdnHCl (× ) to 356 nm at 4 M GdnHCl ( * ). Denaturation
of DCoH1 resulted in a red shift of λmax from 322 nm at 0 M GdnHCl ( ■ ) to 356 nm at 4 M
GdnHCl ( □ ). The emission signal is displayed on an arbitrary scale for comparison. The
overall emission signal for DCoH2 is greater than for DCoH1 due to the additional Trp
residue per monomer. The excitation wavelength was 280 nm.
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suggests the presence of an unfolding intermediate. We expected the unfolding of the DCoH
homotetramer to follow a three-state mechanism with a dimeric intermediate, yet the
equilibrium unfolding curves lacked a distinct intermediate plateau. Though the indole rings
of the tryptophans are solvatochromatic, the environments of the tryptophans, and hence the
fluorescence signal, remained unchanged regardless of the change in oligomeric state (i.e.
tetramer vs. dimer) because the tryptophans reside in the saddle region rather than at the
tetrameric interface. The native folded state of DCoH is tetrameric as demonstrated by the
crystal structure and analytical ultracentrifugation (Endrizzi, Cronk et al. 1995; Rose,
Endrizzi et al. 2000; Rose, Pullen et al. 2004). We therefore fit the data to a two-state model
with a tetrameric (N4 ↔ 4U) folded state (Table 1).
GdnHCl induced unfolding of DCoH2 was measured over an 8-fold protein
concentration range: 0.5 μM, 1.05 μM, 2.1 μM and 4.2 μM DCoH2 (Figure 3). The
equilibrium unfolding is concentration dependent as expected for oligomers (Ragone 2000;
Walters, Milam et al. 2009). The positive slope at low guanidine concentrations was
modeled as a baseline effect resulting from the increased fluorescence signal of Trp 7 as a
result of increasing salt (Ibarra-Molero, Loladze et al. 1999). Trp 7 is positioned on a
solvent-exposed N-terminal tail which packs against a loop between strand 3 and helix 3.
The position of this loop could well depend on charge-charge interactions, particularly the
salt bridge between Asp 81 in the loop and Arg 88, Arg 13 of alpha helix 1 and Asp 32 in the
loop between alpha helix 1 and beta strand 2, or Glu 12 of helix 1and Lys 87 of helix 3. The
positive slope was not apparent for DCoH1, which lacks the N-terminal Trp (see below).
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The best global fit to the tetramer (Figure 3B) unfolding model had a chi-square value of
0.08 (Table 2). The m-value derived from the tetramer fit (49.3 kJ/mol) was close to the
expected value (45.4 kJ/mol, Table 3) (Myers, Pace et al. 1995).
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Table 1: Equations for the Equilibrium Unfolding of DCoH
Tetramer model
(1) Model:
K
N4 ↔ 4U
(2) Law of mass action: dissociation constant:
K = [U]4 / [N4]
(3) Assume ΔG varies linearly with [GdnHCl] (Pace 1986):
ΔG = -RT ln K = ΔGH2O – m [GdnHCl]
(4) Definition of the molar fraction, Ptot = total protein concentration:
FU = [U] / Ptot,
FN4 = 4 [N4] / Ptot
(5) Solving for molar fractions in terms of FU, from (2) and (4):
FN4 = 4 Ptot3 FU4 / K
(6) Conservation Equation:
FU + FN4 = 1
(7) Substitute molar fractions, Equation (5), into conservation Equation (6) and
rearrange the terms in decreasing order with the highest order coefficient equal to 1:
FU4 + [K/(4 Ptot3)] FU – K/(4 Ptot3) = 0
(8) Additivity of signals, YU and YN4 are signals for each species
Ytot = YU FU + YN FN4
(9) Baseline slope for the unfolded species:
YN = iN + mN [GdnHCl]
YU = iU – mU [GdnHCl]
Abbreviations: N4, tetrameric state; U, unfolded state; Ytot,,overall fluorescence signal; YU, baseline
fluorescence intensity for the unfolded species with slope, mU, and intercept, iU; YN, baseline fluorescence
intensity for the folded species with slope, mN, and intercept, iN Ptot, overall protein concentration in terms of
unfolded monomers; FN4, FU, fractions of N4and U, respectively; T, temperature (Kelvin); R, gas constant; ΔG,
free energy of unfolding; ΔGH20, free energy of unfolding in the absence of GdnHCl; m, slope of the transition.
Data were fit to equation (8) by optimizing values for the ΔGH2O, m, iU, mU, iN and mN.
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Figure 3. Equilibrium unfolding of DCoH2 in GdnHCl as measured by intrinsic Trp
fluorescence.
(A) Unfolding (dotted line) and refolding (solid line) of DCoH2 at 2.1 μM concentration
after 24 hours. The curves overlapped except for between 2 M and 2.5 M GdnHCl,
indicative of a folding intermediate. A time course demonstrated that the points on the
unfolding curve equilibrated to the values of the refolding curve within 72 hours. Error bars
are drawn for data on the unfolding curve. (B) Normalized unfolding data of 0.5 μM (∆),
1.05 μM (X), 2.1 μM (●) and 4.2 μM (□) DCoH2. The best global fit to the tetramer to
monomer model (N4 ↔ 4U) (overall chisq = 0.08) are shown: 0.5 μM (─ ─), 1.05 μM, (- . .
-), 2.1 μM (──), and 4.2 μM (--) DCoH2. Ytot is the total fluorescence signal. Error bars
are shown for the 0.5 μM and 4.2 μM protein concentration data. (C) In order to identify
the unfolding midpoint, the unfolding curves were fit individually to a simple tetramer to
monomer model. The unfolding midpoint was the guanidine concentration at which Ytot =
0.5. Symbols are the same as in (B).
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Figure 3.
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Table 2: Optimized Parameters Obtained from Global Fitting of DCoH2 and DCoH1T51S
Fluorescence Data to a Two-State Tetramer Unfolding Model

ΔG1 kJ/mol
m1 kJ/mol•M
Upper base line (mN*C+iN)
Lower base line (mU*C-iU)
Chisq

DCoH2

DCoH1 T51S

K
N4 ↔ 4U

N4 ↔ 4U

185
49
0.11*C + 1.02
-0.038*C + 0.103
0.08

K

163.8
62.2
0.014*C + 0.98
-0.039*C + 0.12
0.05

Table 3: Buried Surface Area versus m-Values.
Buried surface (Å2)1
DCoH2

DCoH1 T51S

1

monomer
dimer interface
dimer total
tetramer interface
tetramer total
monomer
dimer interface
dimer total
tetramer interface
tetramer total

Calculated m-value2
(kJ/mol•M)

Fit m-value
(kJ/mol•M)

9,371
1,549
20,291
2,435
43,017.6
10,212
1,364
21,787
2,385
45,961

45.4

49 (N4 ↔ 4U)

48.2

62.2 (N4 ↔ 4U)

Buried surface area of oligomers calculated, e.g. for tetramer: 2x(ASA dimer) – (ASA tetramer)

(Hubbard and Thornton 1993)
Buried surface area of monomer calculated as sum of amino acid surface not accessible.
2

Calculated m-value according to the formula: 953 + 0.23 (ΔASA) in kcal/mol•M (Myers, Pace et al.

1995).
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In order to evaluate the concentration dependence of the folding curves, the change in
the unfolding midpoint, Δ(C1/2), was plotted versus the fractional change in protein
concentration, P0/P (Figure 4A). C1/2 is the denaturant concentration at which the protein is
half denatured. For a 2-state mechanism, C1/2 occurs when the fraction of unfolded
monomers, Fu, equals 0.5. P is the protein concentration, and P0 is the standard protein
concentration, taken as 8 μM for our data. The midpoint of the unfolding curves was
identified from individual fits to each curve (Figure 3C). For comparison, the Δ(C1/2) of the
data was compared with the predicted Δ(C1/2) for dimer unfolding, Δ(C1/2) = [RT/m]ln(P0/P), and for tetramer unfolding, Δ(C1/2) = - [3RT/m]ln(P0/P): R is the gas
constant; T is temperature; and the m-value is defined according to the linear extrapolation
model (Myers, Pace et al. 1995; Ragone 2000). The concentration dependence exhibited
some similarity to dimer unfolding as well as tetramer unfolding.

DCoH1 Unfolding Exhibits Hysteresis
GdnHCl unfolding and refolding of DCoH1, at 2.1 μM monomer concentration,
exhibited hysteresis after a 24 hour incubation time (Figure 5A). The midpoint of the
unfolding curve is 3 M GdnHCl while refolding occurs at a much lower GdnHCl
concentration. An unfolding time course over seven days revealed a slight decrease in the

106

Figure 4. Change in the folding midpoint Δ(C1/2) as a function of the fractional change of
protein concentration (Po/P) for DCoH2 and DCoH1 T51S.
(A) DCoH2 and (B) DCoH1 T51S. The standard protein concentration, Po, is 8 μM. Data
(black diamonds), Δ(C1/2) predicted for dimer folding (--), Δ(C1/2) predicted for tetramer
folding (──). The m-values for the predicted fits are from the global fits to the data. Dimer
unfolding (D2 ↔ 2U) was calculated as follows using the equations and steps in Table 1. (1)
Model: D2 ↔ 2U, (2) Law of mass action: dissociation constant, K = [U]2/[[D2], (3) Assume
ΔG varies linearly with [GdnHCl] (Pace 1986): ΔG = -RT ln K = ΔGH2O – m [GdnHCl] (4)
Definition of the molar fraction, Ptot = total protein concentration: FU = [U] / Ptot, FD2 = 2
[D2] / Ptot, (5) Solving for molar fractions in terms of FU, from (2) and (4): FD2 = 2 Ptot FU2 /
K, (6) Conservation Equation: FU + FD2 = 1, (7) Substitute molar fractions, Equation (5), into
conservation Equation (6) and rearrange the terms in decreasing order with the highest order
coefficient equal to 1: FU2+[K/(2 Ptot)] FU – K/(2 Ptot) = 0. For dimer unfolding, solve
explicitly for FU: FU = -[K/(4 Ptot)] + [1/(2 Ptot)] [(K2/4) + 2 K Ptot]1/2 , FD2 = 1 - FU

from

equation (6), (8) Additivity of signals, YU and YD2 are signals for each species Ytot = YU FU +
YN FD2, (9) Baseline slope for the unfolded species: YN = iN + mN [GdnHCl], YU = iU – mU
[GdnHCl].
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Figure 4.
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unfolding transition to 2.8 M GdnHCl (not shown). A three day time course indicated no
change in the refolding curve. The data suggests the hysteresis is due to a slow unfolding
rate.

The DCoH1 Thr 51 Ser Point Mutant Unfolds Reversibly
We had previously proposed the difference in apparent stability between DCoH1 and
DCoH2 might be due to Thr 51 in DCoH1 instead of Ser 51 in DCoH2 (Rose, Bayle et al.
2000). While this is a conservative change, residue 51 is located at the center of the
hydrophobic core of the tetramer interface. The less bulky Ser side chain allows for binding
of an ordered water molecule within the hydrophobic core. Other differences between the
tetrameric interfaces consist of solvent exposed hydrophilic residues surrounding the
hydrophobic core (Rose, Pullen et al. 2004; Hevel, Pande et al. 2008). We generated the
DCoH1 Thr 51 Ser mutation to investigate whether Thr 51 contributes to the slow unfolding
of DCoH1.
In order to confirm the presence of the interfacial water molecule in DCoH1 T51S,
we determined the crystal structure at 1.8 Å resolution (Table 4). As expected, the electron
density demonstrated the presence of the water molecule as found in DCoH2 (Figure 6). In
the wild type, the hydroxyl group of Thr51 hydrogen bonds with the backbone nitrogen of
Thr51 and the backbone carbonyl group of Phe47. The methyl group points inward towards
the tetrameric interface. The hydroxyl group of Ser51 in DCoH2 occurs in alternate
conformations. In the conformation facing towards the water, the hydroxyl group also makes
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the same contacts as the hydroxyl group of Thr51 in DCoH1. In the alternate conformation
facing away from the water, the Ser51 hydroxyl group hydrogen bonds with the backbone
carbonyl of Gly48, the backbone nitrogen of Ser51 and Arg52, and with Ser51 of the dimer
across the interface. In the DCoH1 Thr51Ser mutant, eight chains (2 tetramers) are present
in the asymmetric unit. In one tetramer, only Ser51 in chain C takes on an alternate
conformation. The hydroxyl groups of the serines are hydrogen bonded as in DCoH1 wild
type. In the second tetramer, all the serines at position 51exhibit alternate conformations.
The hydrogen bonding of these 4 serines is identical to that of DCoH2. There were no other
significant structural differences observed between the wild type and the mutant DCoH1.
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Figure 5. Unfolding of wild type DCoH1 is not reversible.
(A) Wild type DCoH1 unfolding in GdnHCl showed hysteresis. Unfolding (□) and refolding
(X) of DCoH1 was measured after 24 hours at 2.1 μM protein concentration. The unfolding
transition (mid-point) occurred at about 3 M GdnHCl, significantly higher than the refolding
transition. After 7 days the unfolding transition shifted by about 0.2 M GdnHCl lower (not
shown). B) The DCoH1 T51S mutant does not exhibit hysteresis. The unfolding (○) and
refolding (+) profiles for 2.1 μM DCoH1 T51S at 24 hours are shown. The unfolding
transition occurs at about 1M GdnHCl.
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Table 4: Data Collection and Refinement Statistics
DCoH1 T51S
Data collection
Space group
P3221
Cell dimensions
a, b, c (Å)
103.8 103.8 193.6
90.00 90.00 120.00
α, β, γ (°)
Resolution (Å)
50-1.8 (1.9-1.8)*
0.118 (0.921)
Rsym or Rmerge
3.0 (0.8)
I / σI
12.2 (2.5)
Mn(I)/sd
Completeness (%)
99.1 (96.6)
Redundancy
9.7 (8.2)
Refinement
Resolution (Å)
1.8
No. reflections
111,045
Rwork / Rfree
21.05/ 22.57
No. atoms
Protein
6445
Ligand/ion
88
Water
524
B-factors
Protein
30.80
Ligand/ion
50.88
Water
44.51
R.m.s. deviations
Bond lengths (Å)
0.006
1.198
Bond angles (°)
*Values in parentheses are for highest-resolution shell.
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Figure 6. An ordered water molecule binds at the tetramer interface of DCoH1 T51S.
The fo-fc omit map (green, center), contoured to 3σ, indicates the position of the
coordinated water. The 2fo-fc map (blue) is shown contoured to 1σ around the four Ser
residues at position 51, one from each monomer. This water molecule is also present in
DCoH2 but not the wild type DCoH1.
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In stark contrast to the wild type DCoH1, DCoH1 T51S unfolding is reversible.
Unfolding and refolding curves overlapped after 24 hours of equilibration (Figure 5B).
Figure 7 shows the GdnHCl induced unfolding data of DCoH1 T51S measured over an 8fold protein concentration range between 0.5 μM and 4.2 μM. Like DCoH2, no intermediate
could be detected in the unfolding curves. The data were fit to a two-state model. Unlike
DCoH2 unfolding, the slope at low guanidine concentration of DCoH1 T51S unfolding was
minimal, indicating that the positive slope resulted from local effects on Trp 7 of DCoH2
(Figure 1). The best global fit to the tetramer unfolding model (Figure 7A) had a chi-square
value of 0.05 (Table 2). The m-value derived from the tetramer fit (62.2 kJ/mol) was greater
than the expected value (48 kJ/mol, Table 3) (Myers, Pace et al. 1995).
The change in the unfolding midpoint for DCoH1T51S, Δ(C1/2), was plotted versus
the fractional change in protein concentration, P0/P (Figure 4B). The midpoint of the
unfolding curves was identified from individual fits to unfolding of each protein
concentration (Figure 7B). Δ(C1/2) of the data was compared with the predicted Δ(C1/2) for
dimer and tetramer unfolding (Myers, Pace et al. 1995; Ragone 2000). The concentration
dependence resembled tetramer unfolding more than dimer unfolding.

DCoH1 T51S Binds to HNF-1α in vitro
The T51S mutation alleviates the slow unfolding of DCoH1 homotetramers. In order to test
whether the mutation enhances interaction with HNF-1α, we conducted a pull down assay
with HNF-1α 1-280-His6 (Figure 8). As expected, DCoH1 T51S interacts with HNF-1α in
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vitro through simple mixing suggesting the unfolding barrier impedes formation of the
DCoH1/HNF-1α complex once the wild type DCoH1 homotetramer is formed.
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Figure 7. Equilibrium unfolding of DCoH1 T51S in GdnHCl as measured by intrinsic Trp
fluorescence.
(A) Normalized unfolding data at 0.5 μM (∆), 1.05 μM (X), 2.1 μM (●) and 4.2 μM (□)
DCoH1 T51S. The best global fit to the tetramer to monomer model (N4 ↔ 4U) (overall
chisq = 0.05) are shown: 0.5 μM (─ ─), 1.05 μM, (- . . -), 2.1 μM (──), and 4.2 μM (--)
DCoH1 T51S. Ytot is the total fluorescence signal. Error bars are shown for the 0.5 μM and
4.2 μM protein concentration data. (B) In order to identify the unfolding midpoint, the
unfolding curves were fit individually to a simple tetramer to monomer model. The
unfolding midpoint was taken as the guanidine concentration at which Ytot = 0.5. Symbols
are the same as in (A).
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Figure 8. The Thr 51 Ser mutation in the DCoH1 homotetramer interacts with HNF-1α in
vitro.
HNF-1α 1-280-His6 was immobilized on nickel affinity resin (lane 3) and incubated with
purified DCoH1, DCoH1 T51S, or DCoH2. DCoH1 T51S and DCoH2 bind to HNF-1α 1280 (lanes 9 and 12) unlike DCoH1 wild type (lane 6). DCoH proteins did not bind to the
beads alone (lanes 5, 8, 11). DCoH and HNF-1α loads are shown in lanes 2, 4, 7, 10.
Protein standard (Biorad Precision Plus) is shown in lane 1.
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DISCUSSION
We present the first quantitative measurements of DCoH homotetramer stability.
These measurements are important for understanding the regulation of DCoH's two unrelated
functions, as a metabolic enzyme in the cytoplasm and as a transcriptional co-activator in the
nucleus (Citron, Davis et al. 1992; Hauer, Rebrin et al. 1993). These studies also point out
differences in the stability of the two vertebrate paralogs, DCoH1 and DCoH2 (Bayle,
Randazzo et al. 2002; Rose, Pullen et al. 2004).
DCoH is resistant to heat and urea denaturation reflecting the large buried
hydrophobic surface. GdnHCl can interact with side chains modifying the pKa and
neutralizing charge interactions (Ibarra-Molero, Loladze et al. 1999). The structure of
DCoH indicates a large number of charge-charge interactions and hydrogen bonds on the
dimer surface that could be disrupted by guanidine (Table 5). Unfolding in guanidine could
signify that these interactions contribute to the stability of the DCoH dimer and potentially
the DCoH homotetramer (Figure 11) (Greene and Pace 1974; O'Brien, Dima et al. 2007;
Hevel, Pande et al. 2008). In agreement with the role of charge interactions, low pH
enhanced unfolding of DCoH1 (data not shown).
We demonstrate that DCoH1 unfolding is slow. A point mutation, T51S, located
centrally in the tetramer interface overcomes the unfolding barrier. It was proposed that two
hydrogen bonds form across the tetramer interface (Lys 59 to Asp 61, and Arg 45 to Gln 98)
and contribute to the greater stability of the DCoH1 homotetramer than the DCoH2
homotetramer (Hevel, Pande et al. 2008). These hydrogen bonds do not form consistently in
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the DCoH1 wild type homotetramer, and none of these hydrogen bonds form in the DCoH1
T51S structure. These charge interactions are not sufficient to explain the slow unfolding of
wild type DCoH1.

Comparison of DCoH2 and DCoH1 T51S Equilibrium Unfolding
Equilibrium unfolding of DCoH2 and DCoH1 T51S were fit to a two-state model
(N4 ↔ 4U) with a tetrameric folded state. DCoH forms a stable homotetramer in solution
(Endrizzi, Cronk et al. 1995; Rose, Pullen et al. 2004). However, the dimer is a likely
folding intermediate because: 1) a dimer of DCoH2 has been observed by size exclusion
chromatography (Hevel, Stewart et al. 2006); 2) the dimer buries a significant surface area
(from Table 3: DCoH2 monomer, 9,370 Å2 , dimer interface 1,550 Å2); 3) the prokaryotic
DCoH, PhhB, is dimeric (Suck and Ficner 1996); and 4) a DCoH dimer interacts with HNF1α (Mendel, Khavari et al. 1991; Rose, Bayle et al. 2000).
The model indicates that the folded state of DCoH is very stable. For the tetrameric
model, the overall free energy of folding in water, ΔGH2Oo, (DCoH2 -185 kJ/mol; DCoH1
T51S -164 kJ/mol) is similar to the value of other very stable homotetramers, such as
dihydrofolate reductase (-34.33 kcal/mol = -143.6 kJ/mol)(Zhuang, Eisenstein et al. 1994),
bovine platelet factor (-38 kcal/mol = -159 kJ/mol) (Mayo and Chen 1989) and βglycosidase from the thermophile Sulfolobus solfataricus (-196 kJ/mol at pH 6.5)
(Catanzano, Graziano et al. 1998). Despite the apparent stability of wild type DCoH1,
DCoH1 T51S is less stable to guanidine denaturation than DCoH2. In addition, the
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Table 5: Interactions Stabilizing DCoH Dimers.
Differences in the stability of DCoH2 and DCoH1 T51S may reflect folding of the
monomers in the dimer. Both dimers bury a similar amount of surface area. The
interactions between monomers of the dimer are highly conserved (column 1), as are five
intra-monomer hydrogen bonds (column 2). The remaining hydrogen bonding pattern is
unique for DCoH2 and DCoH1, which may explain the greater stability of DCoH2.
Dimer interface:
conserved
Phe 43
Asn 44
Phe 47
Met 50
Thr/Ser 51
Ala 54
Glu 58
His 63
Pro 64
Glu 65
Trp 66
Phe 67
Asn 68
Val 69
Tyr 70
Trp 66 – Asn
68’*

Intra-monomer:
H-bonds conserved
Arg 13 ± Asp 32
Arg 31± Glu 65
Lys 36 ± Glu 97
Glu 58 – His 63
Trp 25 – Glu 97

Intra-monomer:
H-bonds DCoH2
Thr 9 – Glu 11
Thr 9 – Glu 12
Glu 12 ± Lys 87
Tyr 35 – Gln 74
Glu 37 – Gln 74
Ser 39 – Lys 72
Arg 52 ± Leu 103 OXT
His 62 – Ser 79
His 62 – Asp 89
Ser 79 – Thr 86
Ser 79 – Asp 89
Asp 81 ± Arg 88
Thr 86 – Arg 88
Thr 86 – Asp 89

Intra-monomer:
H-bonds DCoH1
Arg 7 ± Asp 32
Ser 9 – Glu 12
Asp 14 ± Arg 21
Arg 21 ± Glu 27
Gln 37 – His 74
His 39 – Asn 71
Asp 42 ± Arg 45*
Arg 45 – Thr 104
Arg 52 – Ser 102
His 62 – Thr 79
His 62 – Asp 89
Thr 79 – Ser 86
Thr 79 – Asp 89
His 80 – Glu 81

’ denotes an intermonomer hydrogen bond.
* Arg 45 of DCoH1, which was proposed to stabilize the homotetramer, may instead
stabilize folding of the DCoH1 monomers to the dimer ((Hevel, Pande et al. 2008)
+ denotes a salt bridge
- denotes a hydrogen bond
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unfolding midpoint of DCoH2 occurs at a higher guanidine concentration than for DCoH1
T51S (Figure 9). Because both DCoH paralogs bury a similar amount of hydrophobic
surface, the difference in stability may reflect the different distribution of charge residues
and hydrogen bonds on the dimer surface (Table 5). The greater stability of DCoH2 than
DCoH1 T51S is consistent with the interpretation that the wild type DCoH1 homotetramer is
kinetically, not thermodynamically, more stable than DCoH2.
According to the Linear Extrapolation Method (LEM), m-values typically correlate
with the surface area buried upon folding (Myers, Pace et al. 1995). The buried surface
areas calculated with the program NACCESS are reported in Table 3 (Hubbard and
Thornton 1993). The m-value derived from fitting the tetrameric model was greater for
DCoH1 T51S (62 kJ/mol•M) than for DCoH2 (49 kJ/mol•M). The m-value might deviate
from predicted values based on monomeric proteins because DCoH is tetrameric or because
of interactions between GdnHCl and charged side chains (Myers, Pace et al. 1995; IbarraMolero, Loladze et al. 1999). However, DCoH1 T51S and DCoH2 bury a similar amount of
surface area upon folding (Table 3) and form a similar number of surface interactions. We
propose that the lower m-value of DCoH2 reflects deviation from a two-state model (Pace
1986) and that DCoH2 deviates more from the two-state tetrameric model than does DCoH1
T51S. In agreement with this interpretation, the concentration dependence of DCoH2
unfolding exhibits some similarity to a protein dimer while unfolding of DCoH1 T51S varies
more like a tetramer (Figure 4). Finally, a slow unfolding intermediate was detected for
DCoH2 at 2 M guanidine (Figure 3A).
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Figure 9. Comparison of DCoH1 wild type, DCoH1 T51S, and DCoH2 folding transitions.
DCoH2 (data ●, fit ──) is significantly more stable than DCoH1 T51S (data ∆, fit ─ ─).
The refolding transition for DCoH1 wild type (data X, smoothed connecting line ─ . . ─)
occurs at a slightly higher GdnHCl concentration than the equilibrium transition for DCoH1
T51S. In contrast the unfolding transition for DCoH1 wild type (data □, smoothed
connecting line --) occurs at a significantly higher GdnHCl concentration. The DCoH1 wild
type samples were incubated for 24 hours. The DCoH2 and DCoH1 T51S data are at
equilibrium. Protein concentrations were all 2.1 μM.
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DCoH1 is Kinetically Stable
The DCoH1 homotetramer has been typically characterized as “hyperstable” due to
its high thermal stability (Cronk 1996), persistence of the homotetramer at low (μM)
concentrations (Hevel, Stewart et al. 2006), and inability to interact with HNF-1α upon
mixing in vitro (Mendel, Khavari et al. 1991; Johnen and Kaufman 1997; Rose, Bayle et al.
2000). Consistent with this characterization, DCoH1 did not unfold in the presence of 8M
urea. Surprisingly unfolding studies with GdnHCl demonstrated that DCoH1 unfolds very
slowly. DCoH1 remained folded in the presence of up to 2.5 M GdnHCl for at least 7 days
(Figure 5). In contrast, DCoH1 refolded much more rapidly, within 24 hours, and at a
significantly lower concentration of ~1.2 M GdnHCl. This hysteresis is characteristic of
kinetic, rather than thermodynamic, stability (Sohl, Jaswal et al. 1998; Rodriguez-Larrea,
Ibarra-Molero et al. 2006). Other examples of kinetic stability of oligomers have been
measured, notably for thermophilic proteins (Mishra, Olofsson et al. 2008).
One explanation for slow unfolding is the solvation/desolvation barrier model in
which the unfolding transition state loses favorable internal interactions that stabilize the
folded state but lacks favorable solvent interactions that stabilize the unfolded state (Liu and
Chan 2005). According to this model, the unfolding transition state of DCoH1 might consist
of the concerted breaking of interactions in the tetramer interface. This interface consists
primarily of an anti-parallel four-helix bundle with a central hydrophobic surface of 1,857 Å2
(as calculated by NACCESS) and peripheral hydrophilic residues forming hydrogen bonds
(Hubbard and Thornton 1993; Rose, Bayle et al. 2000). Our data suggests that interactions
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with the four Thr 51 residues at the center of the tetramer interface are disrupted in the
unfolding transition state. The Thr 51 Ser mutation in DCoH1 greatly accelerates the
unfolding rate. The presence of the buried water molecule in DCoH1 T51S and in DCoH2
might facilitate solvation of the interface lowering the transition state barrier. Mutations that
dramatically accelerate the rate of unfolding have been identified in other proteins with high
kinetic unfolding barriers (Rodriguez-Larrea, Minning et al. 2006; Kelch and Agard 2007).
Although we have not measured the equilibrium unfolding of wild type DCoH1, we propose
that the Thr 51 Ser mutation affects the transition state more profoundly than the ground
states (see below). Interestingly, a 37 Å3 cavity is found in the center of the tetramer
interface indicating the interface is not as tightly packed as it could be (Figure 10). In other
words the DCoH homotetramer could be more thermodynamically stable than it is. It
remains to be determined whether other mutations that affect the apparent stability of the
DCoH homotetramer have a kinetic or thermodynamic origin, for example mutations of the
hydrophilic residues at the periphery of the tetramer interface (Hevel, Pande et al. 2008).
Since the Thr 51 Ser mutation is in the tetramer interface, we anticipate that it will
primarily affect tetramer unfolding and not change the stability of the DCoH1 dimer. The
unfolding rate of the wild type DCoH1 tetramer is dramatically increased with the Thr 51
Ser mutation even though this is a conservative substitution. This could result either from
destabilizing the tetrameric ground state of wild type DCoH1, stabilizing the transition state,
or both. If Thr 51 affects the transition state, then the unfolding and folding rates of the
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Figure 10. The tetramer interface of DCoH1 is not tightly packed.
The primary interface between dimers (pink, beige) consists of a four-helix bundle, with one
helix contributed from each monomer (ribbon representation). The cavity at the dimer-dimer
interface was generated by the program Voidoo (Kleywegt and Jones 1994) with a 0.8 Å
probe and has a total volume of ~37 Å3 (mesh). This volume is too small to hold a water
molecule, but shows that the side chains are not tightly packed in the center of the interface.
Residues bordering the cavity are shown as stick figures and are labeled for one monomer.
A similar cavity is present in the DCoH2 and DCoH1 T51S tetramer interfaces. Coordinates
for DCoH1 from pdbid 1DCP (Cronk, Endrizzi et al. 1996).
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dimer to tetramer transition would be slow for DCoH1 (Figure 11). In that case, since
tetramer to dimers unfolding is rate limiting for wild type DCoH1, the refolding curve might
represent equilibrium folding of the DCoH1 dimer from monomers (Figure 9). The
refolding curve for wt DCoH1 is close to the equilibrium folding of DCoH1 T51S, which
includes the same monomer to dimer folding as wt DCoH1 but for DCoH1 T51S the dimer
to tetramer folding is reversible.

Implications for DCoH Regulation of HNF-1
Formation of the DCoH1 homotetramer prevents interaction with HNF-1α (Mendel,
Khavari et al. 1991; Johnen and Kaufman 1997; Rose, Bayle et al. 2000). Slow association
of the DCoH1 dimers to the homotetramer would allow the DCoH1/HNF-1α complex more
time to form. In liver cells, the DCoH1 concentration (low μM) far exceeds the
concentration of HNF-1α (nM) (Chouard, Blumenfeld et al. 1990; Mendel, Khavari et al.
1991; Rebrin, Bailey et al. 1995; Bayle, Randazzo et al. 2002; Hevel, Stewart et al. 2006).
Because the DCoH1 homotetramer is kinetically trapped, it is not available to interact with
HNF-1α. This suggests that formation of the DCoH1/HNF-1α complex is a kinetic process
that occurs during folding. To date there is no evidence for chaperones to facilitate the
DCoH1/HNF-1α interaction in vivo. DCoH lacks a nuclear localization signal as predicted
by the PredictNLS server (Cokol, Nair et al. 2000) and as previously noted (Pogge v
Strandmann and Ryffel 1995; Bayle, Randazzo et al. 2002). As a result, complex formation
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Figure 11. Diagram representing the free energy of unfolding of DCoH1 T51S and DCoH2
homotetramers.
DCoH1 T51S and DCoH2 are shown in blue and orange, respectively. A dimer intermediate
is included as one possible unfolding pathway to explain the effect of the T51S mutation on
unfolding of wt DCoH1. Relative values for the overall free energy of folding are shown for
DCoH1 T51S (left side) and DCoH2 (right side). DCoH2 is more stable to guanidine
unfolding than DCoH1. Because most of the interactions are shared in the tetramer
interface, the difference in stability is depicted primarily in the dimer. The transition state
barriers between states are drawn arbitrarily. We propose that the slow unfolding of the
DCoH1 wild type tetramer is due primarily to a higher transition state barrier (dotted line
with an arrow, labeled "DCoH1 wt") and not to an increased stability of the tetramer relative
to DCoH1 T51S. The high transition state between dimer and tetramer would also slow the
dimer to tetramer folding, allowing more time for formation of the DCoH1/HNF-1α
complex.
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would depend on newly translated DCoH1 to be in close proximity to HNF-1α dimers in the
cytoplasm. Re-folding DCoH1 in the presence of the HNF-1α dimerization domain in vitro
and co-expression of DCoH and HNF-1α in E coli preferentially forms the DCoH/HNF-1α
complex (Mendel, Khavari et al. 1991; Suck and Ficner 1996; Rose, Bayle et al. 2000).
Formation of the DCoH1/HNF-1α complex may therefore be favored kinetically over
DCoH1 homotetramers. In contrast to DCoH1, the dimer and homotetramer of DCoH2 may
exist in the cytoplasm in equilibrium allowing association of DCoH2 with HNF-1α. This
was observed in DCoH1 null mice (Bayle, Randazzo et al. 2002) and suggested for patients
with DCoH1 mutations (Hevel, Stewart et al. 2006).

Conclusion
We have shown through chemical unfolding studies that DCoH1 unfolding is slow.
As determined by crystallographic analysis, the mutation Thr 51 Ser permits ordering of a
water molecule at the tetrameric interface thereby facilitating dissociation of the
homotetramer and enabling the mutant DCoH1 to interact with HNF-1α in solution like
DCoH2. Because the wild type DCoH1 homotetramer is essentially trapped once it forms,
partitioning of DCoH1 into its two distinct tetrameric complexes may be determined by the
relative on-rates of the DCoH1 dimer with itself versus with HNF-1α. In order to further
understand regulation of DCoH functions, future kinetic folding studies will measure the
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relative on- and off-rates of the DCoH homotetramers compared to the DCoH/HNF-1α
complex.
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Accession code. Protein Data Bank: Coordinates and structure factors have been deposited
with the accession code 1HXA.

Supporting Information Available. The Igor Pro algorithms used for fitting the data to the
models are provided. This material is available free of charge via the Internet at
http:\\pubs.acs.org
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APPENDIX

Supplemental Materials
Supplement 1:

The following are IgorPro programs used to fit the unfolding data. The program was used in
the CurveFitting routine in IgorPro, for fitting individual data sets, or the GlobalFit routine to
fit multiple data sets. The coefficients fit in the models are defined in Table 1:

C = [GdnHCl]
dG = ΔGH2O
m1 = m
Yi = Yi,
YN = YN = iN + mN*C, fit to the low [GdnHCl] baseline with x-intercept (iN) and a positive
slope (mN).
YU = YU = iU - mU*C, fit to the high [GdnHCl] baseline with x-intercept (iU) and a negative
slope (mU).
P: concentration of lowest concentration of proteins (start at 0.5 μM)
Pfactor – for the GlobalFit, these factors were held constant for each protein concentration,
set to 1, 2, 4, 8 for the 0.5 μM, 1.05 μM, 2.1 μM and 4.2 μM samples, respectively, since the
dilution ratio was well determined.
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Program: Fit_Mon_Tet used to fit to the N4 ↔ 4U model.
Fit Coefficients: dG1, m1, iN, mN, mU, iU, Pfactor, P

Fit_Mon_Tet
Variable K1
Variable beta
Variable gamma
Variable Fx
Variable FN4
Variable YN
Variable Yx
Variable Ptot
Ptot=P*Pfactor
K1=exp(-(dG1-m1*C)/(8.314*0.298))
beta=K1/(4*Ptot^3)
gamma=-K1/(4*Ptot^3)
FU=solveQuartic2(0,0,beta,gamma)
FN4=4*(Fx^4)*(Ptot^3)/K1
YN=iN+mN*C
YU=iU-mU*C
f(C) = FU*YU+FN4*YN4
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The IgorPro routine solveQuartic(a,b,c,d), which returns all 4 roots of a quartic equation, was
modified in the Procedure Window. Since there is only one real root to the tetramer
unfolding models, the modified routine selects the one real root. If for some reason there is
no real root (which can happen if the initial parameters are incorrect), then the routine returns
“0” as the root and prints “no real root” on the screen.

// _________________________________________________________
// IgorPro routine: solveQuartic:
// Use the following to print the 4 roots of a Quartic equation of the form
//

x^4+a*x^3+b*x^2+c*x+d=0

// Modified routine: solveQuartic2:
// prints the one real root of a Quartic equation of the same form.
// _________________________________________________________

Function solveQuartic2(a,b,c,d)
Variable a,b,c,d

// first the resolvent cubic:
Variable AA=-b
Variable BB=a*c-4*d
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Variable CC=-a*a*d+4*b*d-c*c
Variable y1=getOneCubicRoot(aa,bb,cc)
Variable RR=sqrt(a*a/4-b+y1)
Variable/C DD,EE,x1,x2,x3,x4
Variable posroot
if(RR==0)
DD=sqrt(cmplx(3*a*a/4-2*b+2*sqrt(y1*y1-4*d),0))
EE=sqrt(cmplx(3*a*a/4-2*b-2*sqrt(y1*y1-4*d),0))
else
DD=sqrt(cmplx(3*a*a/4-RR*RR-2*b+(4*a*b-8*c-a^3)/(4*RR),0))
EE=sqrt(cmplx(3*a*a/4-RR*RR-2*b-(4*a*b-8*c-a^3)/(4*RR),0))
endif

a/=4
RR/=2
DD/=2
EE/=2
x1=-a+RR+DD
x2=-a+RR-DD
x3=-a-RR+EE
x4=-a-RR-EE
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if (imag(x1)==0 && real(x1)>0)
posroot=x1
print "x1=", x1
elseif (imag(x2)==0 && real(x2)>0)
posroot=x2
print "x2=", x2
elseif (imag(x3)==0 && real(x3)>0)
posroot=x3
elseif(imag(x4)==0 && real(x4)>0)
posroot=x4
print "x4=", x4
else
posroot=0
print "no real roots"
endif
return posroot
End
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Supplement 2:

A low m-value may indicate deviations from a two-state model. As an example, data were
simulated for a three-state unfolding mechanism with a dimer intermediate:

K2

K1

N4 ↔ 2D2 ↔ 4U

with the following parameters:

K1 = U4/D22
K2 = D22/N4
ΔG1 = (ΔGH2O)1 – m1 [ GdnHCl] = - RT ln (K1)
ΔG2 = (ΔGH2O)2 – m2 [ GdnHCl] = - RT ln (K2)

(ΔGH2O)1 = 110 kJ/mol, m1 = 20 kJ/(mol M)
(ΔGH2O)2 = 75 kJ/mol, m2 = 20 kJ/(mol M).,
Ptot = 4.2 μM
Plotting Ytot = YN4FN4 + YD2FD2 + YUFU,
with Fi the fraction of that species and Yi the relative fluorescence signal.
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For this simulation, YN4 = YD2 = 1, YU = 0.

Figure 12. Simulated data fit to a 3-state model.

The total m-value from the simulation is: mtot = m1 + m2 = 40 kJ/(mol M).
The total ΔGH2O = 185 kJ/mol.
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Fitting this to a two-state model: N4 ↔ 4U.

Figure 13. Simulated data fit to a 2-state model.

The optimized parameters for a 2-state model are: ΔG = 145.4, m = 20.4, chi-squared = 0.02.
Both ΔG and m are underestimated in the fit to a two-state model
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CHAPTER 3: Characterization of an Active Dyrk 1B Construct
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ABSTRACT
The kinase, dual specificity tyrosine regulated kinase 1B (Dyrk 1B), is expressed at low
levels in most tissues but upregulated in certain carcinomas. Dyrk 1B participates in many
processes through the cellular milieu ranging from cell survival to transcriptional regulation.
The activity of hepatocyte nuclear factor-1α (HNF-1α), a diabetes-related transcription
factor, is enhanced by Dyrk 1B through phosphorylation. Previously it had been suggested
that certain phosphorylation(s) could target the transcription factor for ubiquitin mediated
degradation. Dyrk 1B is only one of 2 kinases known to phosphorylate and enhance the
activity of HNF-1α. Dyrk 1B also interacts with the cofactor of HNF-1α, dimerization
cofactor of HNF-1α 2 (DCoH2). In order to investigate how HNF-1α is regulated by Dyrk
1B phosphorylation, we generated a stable, soluble, and active Dyrk 1B construct. The
construct was found to effectively phosphorylate HNF-1α. Surprisingly, by testing a fusion
construct encompassing DCoH and HNF-1α (a.a.1-280), we found that DCoH enhances the
phosphorylation, suggesting that DCoH plays a role in tethering Dyrk 1B to HNF-1α for
more efficient phosphotransfer. The structure of Dyrk 1B is not yet known. We show that
this active construct of Dyrk 1B crystallizes under a variety of conditions. Implications for
the structural and functional studies are discussed.
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INTRODUCTION
Kinases are a class of enzyme which modulates a wide array of processes in vivo.
These phosphotransferases target substrates which include small molecules, such as
nucleotides, lipids, and carbohydrates. The largest group of kinases phosphorylates protein
substrates upon recognition of specific consensus sequences. The specificity of these protein
kinases is important for determining many important processes in vivo.
The dual specificity tyrosine regulated kinase 1B ( Dyrk 1B), also known as
minibrain related kinase (Mirk) is a Ser/Thr kinase expressed at high levels in skeletal
muscle, heart, testes, brain, and certain carcinomas (Lee, Deng et al. 2000). These
carcinomas include colon, prostate, ovarian, and non-small cell lung carcinomas,
rhabdomyosarcoma, and pancreatic ductal adenocarcinoma (Lee, Deng et al. 2000; Mercer,
Ewton et al. 2006).
Dyrk 1B is termed a dual specificity kinase due to its ability to autophosphorylate on
a tyrosine in the activation loop as well as on serines and threonines on substrates. The
ability to autophosphorylate is known to occur only during translation when a transitory
intermediate performs the autophosphorylation in cis (intramolecularly) (Lochhead, Sibbet et
al. 2005). This ability is lost to the mature, fully translated protein. Tyrosine
phosphorylation has even been observed on recombinant protein expressed in E. coli which
are known to lack tyrosine kinases (Kornbluth, Paulson et al. 1988).
Dyrk 1B belongs to the larger family of kinases known as the cyclin-dependent
kinase (CDK), mitogen-activated protein kinase (MAPK), glycogen synthase kinase (GSK),
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and CDK2-like kinase (CLK), or CMGC protein kinase family, which is also regulated by a
key tyrosine phosphorylation as well as Ser/Thr phosphorylations (Manning, Whyte et al.
2002). The presence of Dyrks has been noted in all eukaryotic organisms which have been
examined (Lochhead, Sibbet et al. 2003).
Dyrk 1B is regulated at the transcriptional level as well as post-translationally through
phosphorylations and sequestration. Known regulators of Dyrk 1B include MAPKs,
GTPases, components of the HGF/MET signaling pathway, and nutrients (Lee, Deng et al.
2000; Lim, Jin et al. 2002; Lim, Zou et al. 2002; Deng, Ewton et al. 2003; Zou, Lim et al.
2003; Jin, Lim et al. 2005).
Originally, when Dyrk 1B was first identified, not much was known about its role in
the cell. Since then, Dyrk 1B has been implicated in a number of processes including cell
migration, cell survival and inhibition of apoptosis, GO arrest, transcriptional activation, and
differentiation (Lim, Jin et al. 2002; Deng, Ewton et al. 2003; Zou, Lim et al. 2003; Deng,
Mercer et al. 2004; Zou, Ewton et al. 2004; Deng, Ewton et al. 2005; Mercer, Ewton et al.
2006). Targets of Dyrk 1B include p21Cip1, p21Kip1, cyclin D, class II histone deacetylases
(HDAC), and hepatocyte nuclear factor I α (HNF-1α).
Of particular interest to our lab was the interaction with the transcription factor HNF1α due to our interest in its regulation. Over two hundred mutations have been identified in
HNF-1α and its promoter region which lead to a familial form of diabetes known as maturity
onset diabetes of the young type 3 (MODY3) (Ellard and Colclough 2006). Dyrk 1B
interacts with the homolog of DCoH1 found in skeletal muscle known as DCoHm or DCoH2
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via yeast two hybrid assay (Lim, Jin et al. 2002). Dyrk 1B can interact with DCoH2 and
HNF-1α individually as well as in a ternary complex with both of them. Phosphorylation of
HNF-1α by Dyrk 1B leads to enhanced activity.
Our goal was to learn more about Dyrk 1B in order to further elucidate HNF-1α
regulation by phosphorylation. By isolating a stable, soluble construct, we were able to
obtain crystals for structural analysis and validate the activity of this construct through kinase
assays. Substrates tested include proteins and peptides. Our goals are to determine the
structure and activity of Dyrk 1B and map the phosphorylation sites on HNF-1α.
Implications of and future directions for the structural and functional studies of this kinase
are presented.
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MATERIALS AND METHODS

Comparison/Prediction Models Using ERK2
Dyrk 1B constructs were determined after comparison to Dyrk 1A and ERK2 (NCBI
Reference Sequence: NP_002736.3). The program, CLUSTALW, on Biology Workbench
was used for alignment. This and other programs can be found at http://workbench.sdsc.edu.

Engineering of Active Dyrk 1B Kinase Domain Constructs TDKD1 and TDKD3 for
Expression in E.coli
Expression, purification, and characterization of the final two Dyrk 1B kinase domain
constructs in E. coli, TDKD1 and TDKD3, are described here. Engineering and expression
of all other constructs (DFL, DNK, DKD in pET24bNHis, TDFL, TDNK1, TDNK2,
TDKD1, TDKD2 in pCDF-Duet (Novagen), pET24bNHis6 (Novagen), and the baculovirus
donor vector pnsb1184 (Monsanto) can be found in the Appendix). All Dyrk 1B constructs
were amplified from Mirk/pGEX2T (Friedman lab), subcloned into designated vectors, and
subsequently sequenced with forward primers, reverse primers, and internal primers where
appropriate. Sequencing was performed at MWG, SeqWright, and University of Maine
Sequencing Facility.
Dyrk 1B (a.a. 89-483) with a N-terminal His (6) tag (TDKD1) and a TEV cleavage
sequence was subcloned into an Eco RI/Not I cleaved pET24bNHis6 vector using the
primers: 5’ DKD 030204: 5’ – GGA ATT CGG AAA ACC TGT ACT TCC AGG GCG
CCA ACC ATG GTT ATG – 3’ and 3’ DKD CTERM1: 5’ – AAG GAA AAA AGC GGC
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CGC TTA GCG GTA GGT C – 3’. DKD Internal Primer: GTG CAA CCC CAA GCG
CAG CGC C – 3’, was used in addition to vector primers for sequencing due to the length of
the sequence. All primers were obtained from MWG or IDT DNA. The vector pET24b NHis (6) was a version of pET24b which was modified in house by Dr. Cheng Wan to include
an N-terminal His (6) tag. DNA concentration was measured using GE DyNAQuant 200
Fluorometer according to manufacturer’s instructions.
The vector pET24b N-His6 was digested with Eco RI and Not I (New England
Biolabs) according to the manufacturer’s instructions and dephosphorylated with calf
intestinal alkaline phosphatase (Promega). The digested product was purified via gel
extraction using QIAquick gel extraction kit (QIAgen). Ligation of the vector and annealed
PCR insert was performed in 10 μL reactions using Quick T4 DNA Ligase (New England
Biolabs) according to the manufacturer’s instructions in varying molar ratios (1:2, 1:3, 1:5).
The ligation control was digested host vector as well as the annealed PCR mixture. Ligations
were transformed into Top10 (Invitrogen) or DH5α (Invitrogen) according to manufacturer’s
protocol and plated onto LB agar plates supplemented with the selection antibiotics.
Transformed cells were tested for insert by 2 methods, PCR colony check and by
digestion. Ten colonies were checked by PCR colony check using GoTaq Green Master Mix
(Promega) according to manufacturer’s instructions using a vector primer (T7 promoter
Primer) and an insert primer. PCR products were confirmed via agarose gel electrophoresis.
4 clones were selected for culture which were subsequently miniprepped using QIAprep Spin
Mini Prep Kit (QIAgen) according to manufacturer’s instructions. Restriction enzyme
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digestion, single and double, also confirmed the presence of the target gene in the vector
before sequencing.
PEST analysis was performed on the Dyrk 1B sequence using the program PEST
Find (https://emb1.bcc.univie.ac.at/content/view/21/45/). Dyrk 1B (a.a. 89-433, TDKD3)
was cloned using the restrictionless method due to presence of a Nar I site in Dyrk 1B.
TDKD3 contained Eco RI and Nar I ends. TDKD3 was inserted into Eco RI (New England
Biolabs)/Nar I (Promega) digested pSV271. The resulting TDKD3 protein had a
hexahistidine tag followed by a TEV cleavage site. TEV cleavage resulted in a Gly-Ala at
the amino terminus of the protein. PCR reactions were carried out in 100 μL reactions using
KOD HiFi DNA polymerase (Novagen) according to manufacturer’s instructions in a
Thermo Scientific Hybaid Thermo Cycler. PCR set 1 used the primers TDKD3-N-F1(5’CGC CAA CCA TGG TTA TGA TGA CG – 3’), TDKD3-N-F2 (5’-CCA ACC ATG GTT
ATG ATG ACG ACA A – 3’) while PCR set #2 used TDKD3-E-B1 (5’-CTT AGC GGC
GGA AGA AGC CG – 3’), TDKD3-E-B2 (5’-AAT TCT TAG CGG CGG AAG AAG CC
– 3’). Each set was run in duplicate and analyzed on a 1% gel to confirm PCR products of
the correct size. PCR cleanup was performed using QIAquick PCR purification Kit
(QIAgen). Equimolar amounts of Set I and 2 blunt ended products were mixed together in
microfuge tubes and placed in a 1 liter beaker of boiling water. PCR products were allowed
to denture for 5 minutes and then the beaker was allowed to slowly cool over night. The
annealed PCR product length was 1047 bp and had Eco RI/Nar I complementary ends. Dyrk
1B has a Nar I site in it, therefore, TDKD3 in pSV271 had 2 Nar I cut sites. Single digestion
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with Nar I alone produced a band of 800 bp and double digestions with Eco RI produced an
800 bp and 250 bp products.

Expression and Expression Testing of Dyrk 1B Constructs in E.coli
TDKD1 was coexpressed with DCoH-HNF-1α 1-280 linker c/d fusion protein in
BL21 (DE3) STAR (Novagen) using 100 μM - 1 mM IPTG at 20°C overnight. TDKD3 was
transformed into BL21 (DE3) cells alone, cotransformed with DCoH-HNF-1α 1-280 linker
c/d fusion protein into BL21 (DE3) STAR, and cotransformed with DCoH-HNF-1α 1-280
linker c/d fusion protein and the chaperone plasmid pGKJE8 (Takara) into BL21 (DE3).
DCoH-HNF-1α 1-280 linker c/d fusion protein was previously generated by Dr. Robert
Rose. Linker c/d is composed of the sequence GGAAAGAAGG and links the C-terminus of
DCoH to the amino terminus of HNF-1α. Positive clones were transformed into expression
cell lines for protein expression according to manufacturer’s protocols and colony tested for
expression. Subsequent to colony testing, the strongest expressers of the target recombinant
protein were identified for large scale expression. TDKD3 coexpression cells were grown to
0.6-0.8 OD at 37°C. TDKD3 and DCoH-HNF-1α 1-280 linker c/d fusion protein were
induced with 200 μM – 1 mM IPTG, while the chaperones were induced with 0.5 mg/mL Larabinose and 1 ng/mL tetracycline.
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Protein Expression and Purification
pTEV, an expression vector encoding tobacco etch virus mutant, TEVmut, and which
is more stable than native TEV, was the generous gift from Dr. Navin Pakola. pTEV with an
N-terminal polyhistidine tag was expressed in Rosetta pLysS (Novagen). Cells were grown
in LB at 37°C to 0.6 OD and induced with 0.5 mM IPTG for 4 hours. Protein was purified
using His-Select (Sigma) using 50 mM NaH2PO4 (pH 8.0), 300 mM NaCl, 10 mM imidazole,
and 20 mM β-mercaptoethanol. Protein was eluted using an imidazole gradient (20-250 mM
imidazole) in buffer. The final protein, TEVmut, was greater than 95% pure as judged from
a coomassie-stained SDS-PAGE gel (NEXT gels, Amresco). TEVmut was stored in 50 mM
Tris-HCl (pH7.5), 1mM EDTA, 5 mM DTT, 50% (v/v) glycerol, 0.1% w/v Triton X-100.
TDKD3 was purified by batch purification nickel affinity chromatography in
conjunction with column FPLC using an imidazole gradient. Briefly, TDKD3/pSV271,
DCoH-HNF-1α 1-280 linker c/d /pCDF, and the chaperone plasmid pGKJE8 (Takara) were
co-expressed in BL21 (DE3) cells from ~20-25 L of culture were resuspended and lysed via
sonication in lysis buffer (pH 7.6) containing 50 mM NaH2PO4, 300 mM NaCl, 10 mM
imidazole, 10% glycerol, 20 mM β-mercaptoethanol, 10 mM MgCl2, 5 mM ATP, 0.01%
Triton X-100. Bead/lysate slurry was washed prior to incubation with Mg/ATP buffer to
remove DnaK from beads. This incubation buffer was identical to lysis buffer containing 20
mM imidazole and no detergent. Matrix was washed and loaded into a benchtop column and
washed again once connected to a refrigerated Biorad FPLC unit. Column was washed in
incubation buffer supplemented with 5mM MgCl2 and 1 mM ATP. TDKD3 was eluted
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using a gradient from 20 mM-250 mM imidazole over ~230 mL buffer. Fractions were
collected in borosilicate tubes and analyzed via SDS-PAGE for fractions containing purified
TDKD3. Fractions containing TDKD3 were pooled, concentrated and buffer exchanged
(either via Amicon Ultra centrifugal filter (Millipore) or by dialyzing against polyethylene
glycol (PEG)) into 10 mM HEPES (pH 7.0), 150 mM NaCl, 10% glycerol, 5 mM MgCl2,
1mM ATP, 20 mM β-mercaptoethanol. TDKD3 was cleaved using TEV at 18°C overnight.
TEV and cleaved His tag were removed by running the sample through nickel affinity
chromatography. Protein concentration was measured via Bradford Assay (Biorad) using
BSA standard (Pierce) rather than via O.D.280 nm due to the presence of ATP in the buffer.
TDKD1 protein was purified under similar conditions to TDKD3. Proteins (TDKD3, DKD3)
were in 10 mM HEPES (pH 7.0), 150 mM NaCl, 10% glycerol, 5 mM MgCl2, 1 mM ATP
(or ADP) and 20 mM βmercaptoethanol. TDKD3-ADPAlF4 samples was stored in 30 m
HEPES (pH7.1), 150 mM NaCl, 7.5% glycerol, 12.5 mM MgCl2, 5mM ADP, 0.5 mM ATP,
10 mM NaF 0.25 mM Al(NO3)3, 1mM DTT, 10 mM β-mercaptoethanol.

Expression and Purification of HNF-1α and DCoH-HNF-1α Fusion Protein Substrates
HNF-1α 1-280 was expressed and purified as described as described in Chapter 2.
Because Dyrk 1B was reported to interact with DCoH, we expressed a DCoH-HNF-1α
complex to test as a substrate. DCoH-HNF-1α 1-280 with a 19 a.a. linker (linker a/b) C-His
fusion construct (generated previously by Dr. Robert Rose) in pET24b (Novagen) was
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transformed into BL21 (DE3). The fusion construct was expressed and purified under the
same conditions as HNF-1α 1-280 C-His. Linker a/b is composed of the sequence
GGAAAGAGAAGGAAGAAGG and links the C-terminus of DCoH to the N-terminus of
HNF-1α. The final product was stored in 10 mM Tris (pH7.6), 100 mM NaCl, 5% glycerol,
and 1 mM DTT. Mouse HNF-1α (residues 1-280) with an N-terminal His6-tag (His6-HNF1α 1−280) sub-cloned into the modified pET24bNHis6 vector (Novagen) was expressed in E
coli strain BL21 (DE3) (Novagen). Expression and purification occurred under similar
conditions as previously described in Chapter 2. The final purified protein was greater than
95% pure as judged from a coomassie-stained SDS PAGE gel.

Kinase Assay
The kinase activity assay was performed as previously described (Huangfu, Omori et
al. 2006). Briefly, 1-1000 ng TDKD1 or TDKD3 was incubated with 5 μCi or 2.5 μCi (γ32P)-ATP and 2 μg substrate in 10 μL kinase buffer (10 mM HEPES (pH 7.4), 1 mM DTT, 5
mM MgCl2, and 100 μM ATP at 30°C for 30 minutes). Substrates included MBP or DCoHHNF-1α 1-280 linker a/b C-His fusion protein. Samples were visualized by coomassiestained 10% SDS-PAGE and autoradiography. Tak1/Tab1 phosphorylation of MBP was
used as a positive control. Purified HA-Tak1/Tab1 was the generous gift of Dr. NinomiyaTsuji and was prepared as previously described (Huangfu, Omori et al. 2006).
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Filter binding assays were performed using P81 phosphocellulose cation-exchange
paper assay and 100 ng TDKD3. Peptide substrates were used at 100 μM. The peptide
substrate KEMPtide (LRRASLG) was purchased from Sigma. The autophosphorylation loop
(RRQRIYQYIQSRFKR) was modified to increase basicity for P81 blotting. Modified
residues are indicated in italics. Phosphorylated residues are underlined. Finally, the peptide
DYRKtide (RRRFRPASPLRGPPK) was synthesized. DYRKtide was determined to be an
optimal substrate for Dyrk 1A (Himpel, Tegge et al. 2000). Both the autophosphorylation
loop and DYRKtide were synthesized by the University of North Carolina Microprotein
Sequencing and Peptide Synthesis Facility. The reactions were carried out at 30°C for 60
minutes. Phosphorylated peptides were isolated by blotting onto P81 phosphocellulose
cation-exchange filter paper (Whatman) followed by washing in 5% H3PO4 and dried.
Incorporated phosphates were visualized by autoradiography and measured by scintillation
counting.

Mass Spectrometry
Mass spectrometry of TDKD1 was performed by Dr. David King of UC Berkeley and
results transmitted through Dr. Rose via personal communication.
TDKD3 was visualized by coomassie stained SDS-PAGE (NEXT gel, Amresco).
The excised band was destained and dehydrated using 95% acetonitrile and subject to in-gel
tryptic digestion. Briefly, the dehydrated gel was soaked in 500 μL of 50 mM NH4HCO3
(pH 8.0) and 5mM DTT to break any disulfide bonds and incubated at 55°C for 1 hour and
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then dried. To prevent disulfide bonds from reforming, the gel was incubated in 25 mM
NH4HCO3 and 20 mM iodoacetamide at 37°C for 30 minutes. The sample was washed with
25 mM NH4HCO3 (pH 8.0) 3 times for 15 minutes each and followed by dehydration in 95%
acetonitrile for 10 minutes. The sample was rehydrated with NH4HCO3 (pH 8.3), crushed,
dehydrated, and then incubated in 30 μL of 50 mM NH4HCO3 (pH 8.0) containing a 1:5
(trypsin: protein) ratio at 37°C overnight. Peptides were extracted using 200 μL of 60%
acetonitrile, 5% formic acid, 35% 50 mM NH4HCO3 (pH 8.0) followed by sonication. This
was repeated 3 times. The resulting supernatant was pooled together and lyophilized.
The peptide mixture was separated and analyzed by reversed-phase microcapillary
liquid chromatography-tandem mass spectrometry (μrpLC/MS/MS) using an Agilent 1100
Series high performance capillary LC system (Agilent technologies, Inc.) coupled with a
LCQ Deca ion trap mass spectrometer (ThermoFinnigan) with a custom electrospray
interface operating in the positive ion mode at 2.2 kV. The C18 column was slurry-packed
in-house using 5 μm 300A Jupiter C18 stationary phase (Phenomenex) in a 60 cm x 360 μm
o.d. x 150 μm i.d. capillary column (Polymicro Technologies Inc.) with a 2 μm retaining
mesh in a HPLC stainless steel union (Valco) and a flame pulled capillary tip. The mobile
phases consisted of A) 0.1% formic acid in water and B) 0.1% formic acid in acetonitrile.
The sample was dissolved in 20 μL 95% A/5% B and 8 μL of a 10 ng/μL were loaded onto
the C18 column. The gradient program was held the flow rate of 1.5 μL/minutes at 5% B for
20 minutes and then initiated a linear gradient to 95% B over 90 minutes. The column was
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washed for 15 minutes with an isocratic flow of 95% B, followed by equilibration with 5% B
for 65 minutes prior to the next injection. The LCQ Deca was operated in the data-dependent
acquisition MS/MS mode for which the 4 highest intensity ions detected in the precursor MS
scan were selected for collision induced dissociation (CID). Data were acquired in the m/z
range 400-2000 using a normalized collision energy setting of 45% during CID. A 2 minute
dynamic m/z exclusion list was utilized for selected precursor ions to increase the detection
of lower abundant peptides during gradient elution.

Crystallization
Dyrk 1B crystallization conditions were obtained in house using PEG/Ion screen
(Hampton Research), Wizard Screens (Emerald Biosciences), JBSKinase HTS screen (Jena
Bioscience), Detergent Screen (Hampton Research), and Additive Screen (Hampton
Research). Protein samples were also sent to Hauptman-Woodward Institute Center for High
Throughput Structural Biology and numerous crystallization conditions were also
determined. Protein was submitted at concentrations ranging from 2.5-8.5 mg/mL. Multiple
crystallization conditions were obtained. Examples of protein crystallization conditions are
as follows: TDKD3 crystallized under 0.2 M ammonium sulfate, 0.1M bis-tris (pH 5.5) 25%
(w/v) PEG3350. DKD3 (with the tag TEV cleaved) crystallized in 1 M (NH4)2PO4, 0.1M
imidazole (pH 8.0), 0.2 M NaCl.
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RESULTS
The minimal kinase domain of Dyrk 1B was originally designed after comparison to
Dyrk 1A and Extracellular Signal-Regulated Kinase 2 (ERK2). Dyrk 1A was chosen
because it is a Dyrk 1 family member and a theoretical structural model had been proposed.
ERK2 is another member of the very large CMGC kinase family whose structure was known
and served as the basis for the proposed three-dimensional Dyrk 1A model based on
sequence alignment with ERK2 (Figure 1A). Dyrk 1B is distantly related to ERK2. ERK2 is
the 3rd kinase structure to be solved (Zhang, Strand et al. 1994).
Full length ERK2 is primarily a kinase domain composed of an N-terminal and Cterminal structural sub-domains. In the N-terminal domain (a.a.1-109, 320-358), ERK2
harbors the phosphate anchor ribbon or P-loop. The C-terminal domain (a.a. 110-319)
contains the phosphorylation lip/activation loop (Val171-Tyr185), MAPK insertion, P+1
specificity site (part of lip and part of alpha 1L12: a.a. pTyr185-Arg192), and the catalytic
loop (C-loop, Arg147-152). Thr-183 and Tyr-185 in the activation loop/lip gets
phosphorylated. Upon phosphorylation, the lip simultaneously remolds the active site and
the P+1 specificity pocket.
Dyrk 1B is a 629 amino acid protein while ERK2 is 360 amino acids in humans (358
in Rattus norvegicus). Dyrk 1B is longer at both the amino- and carboxy-termini (Figure
1B). Multiple constructs were generated in E. coli and insect cells in order to identify the
minimal soluble kinase domain. Two constructs that were purified and active were named
TDKD1 and TDKD3 (Figure 2). The C-terminus of TDKD1 was based on the alignment
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with Dyrk 1A, ERK2, and Dyrk 1B while the C-terminus of TDKD3 (a.a. 89-433) was based
on PEST analysis. The N-termini of both constructs were based on alignment with Dyrk 1A.
The expressed His-tagged recombinant TDKD3 protein was 363 a.a. in length with a
molecular weight of 41828 Da. The product after TEV cleavage was 347 a.a. and a
molecular weight of 39847.9 Da. TDKD1 is slightly longer at the C-terminus. TDKD1 and
TDKD3 were tested for activity. The other Dyrk 1B constructs generated are described
further in the Appendix of this chapter.

Initial Activity Test of TDKD1Using HA-Tak1/Tab1 Kinase Controls
TDKD1 activity was initially tested using myelin basic protein (MBP). MBP is a
general Ser/Thr kinase substrate (Martenson, Law et al. 1983; Cicirelli, Pelech et al. 1988;
Fernando, Deng et al. 2005) for kinases such as PKA, PKC, and MAPKs. This 169 amino
acid protein is comprised of 14.8% serines and threonines (approximately 25 residues). MBP
is generally isolated from animal tissue such as bovine brain, which is enriched in myelin.
Figure 3A shows that TDKD1 is active. The activity is dose dependent (lanes 3-6). As this
was the initial experiment to test for the activity of the kinase, a positive control kinase,
hemagluttinin-tagged transforming growth factor-β activated kinase 1 (TAK1), was
employed. TAK1 binding protein (TAB1) is the activator subunit for TAK1 which copurifies with TAK1 (lane 7). TAK1/TAB1 and TDKD1 phosphorylated MBP (Figure 3A,
lane 7 and lanes 3-6 respectively). Use of 32P-ATP permitted visualization of MBP

163

A

Figure 1. Ribbon diagram of ERK 2 and sequence alignment of ERK2 and Dyrk 1B.
(A) Ribbon diagram of ERK 2 (PDB ID 2ERK). Shown are the activation loop (Val 171Tyr185 (183TXY185)), lime green; catalytic loop (147-152), green; P loop
(30GXGXYG35), dark blue; and alpha-C helix (Q60-R75), blue. This structure was
originally used to determine the theoretical model of Dyrk 1A (Himpel, Panzer et al. 2001).
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Figure 1B. Sequence alignment of ERK2 and Dyrk 1B. Dyrk 1B is phylogenetically related
to ERK2. Both are members of the CMGK family of kinases.
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Figure 2. Schematic representation of the Dyrk 1B constructs, TDKD1 and TDKD3.
A) Each construct includes a His(6) tag and a thrombin and/or TEV protease cleavage site
followed by the kinase constructs. The 2 kinase constructs tested for activity were TDKD1
and TDKD3. Note that TDKD3 C-terminus ends with residue 433 not 430. The numbering
for Dyrk 1B is shown. B) The alignment used to determine the C-terminus for TDKD1 is
shown in the sequence alignment. Representations are not drawn to scale.
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phosphorylation through autoradiography. Phosphorylation resulted in retardation of MBP
band migration as visualized on the coomassie stained polyacrylamide gel.
As MBP is a standard Ser/Thr kinase substrate, it indicated no further substrate
specificity. A previous report of HNF-1α interaction with and phosphorylation by Dyrk 1B
prompted testing of the construct’s specificity. Therefore, DCoH-HNF-1α 1-280 linker a/b
C-His fusion protein was tested as a substrate (Figure 3B). Phosphorylation of DCoH-HNF1α 1-280 linker a/b C-His fusion protein was dose dependent as previously seen for MBP.

Mass Spectrometry of TDKD1
After confirming that the kinase construct was active, we wanted to check the
homogeneity of the protein sample. Mass spectrometry of TDKD1 was performed by Dr.
David King of U.C. Berkeley (personal communication via Dr. Rose). Due to compatibility
problems between the glycerol and instrumentation, the TDKD1 sample was purified under
glycerol-free conditions, reducing yield more than 13-fold. The hexahistidine tag was also
removed for mass spectroscopic analysis. The sample was purified by reverse phase liquid
chromatography (RPLC) prior to mass spectrometric analysis. The sample eluted from the
column at a high concentration of acetonitrile. The peak was broad which indicated a
domain with a strong hydrophobic face and signified an ill-behaved protein. By ion trap, the
charge state was not visible and could not be deconvoluted. Time of flight (TOF) analysis
exhibited a broad (i.e. heterogeneous) peak with an average mass of 45015 Da. The 398 a.a.
TDKD1 protein has a calculated mass of 47339 Da with the hexahistidine tag and
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Figure 3. Phosphorylation of MBP and DCoH/HNF-1α 1-280 by TDKD1.
2 ug MBP or DCoH/HNF-1α 1-280 were incubated with purified TDKD1
in the presence of 32P-ATP (2.5 μCi). A) MBP as substrate. Lanes 1)
Protein Marker, 2) MBP, 3) MBP + 1 ng TDKD1, 4) MBP + 10 ng TDKD1,
5) MBP + 100 ng TDKD1, 6) MBP + 1000 ng TDKD1, 7) MBP + (HATAK1 + TAB1), 8) 1000 ng TDKD1. B) DCoH/HNF-1α 1-280 as
substrate. Lanes 1) Protein Marker, 2) DCoH/HNF-1α 1-280, 3)
DCoH/HNF-1α 1-280 + 1 ng TDKD1, 4) DCoH/HNF-1α 1-280 + 10 ng
TDKD1, 5) DCoH/HNF-1α 1-280 + 100 ng TDKD1, 6) DCoH/HNF-1α 1280 + 1000 ng TDKD1, 7) DCoH/HNF-1α 1-280. Reactions were analyzed
by SDS-PAGE followed by autoradiography (bottom). Coomassie stained
gel is shown (top).
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Figure 3.
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44704 Da with the tag cleaved off. Autophosphorylation of Dyrk 1B only accounts for ~96
Da. To account for 311 Da (45015 Da-44704 Da) would require more than 3
phosphorylations. Variability was most likely attributable to degradation due to the PEST
sequence which was seen via immunoblotting (Appendix, Figure 15). These two
observations taken together, led us to conclude that there were non-homogenous species
present whose differences in mass could not be accounted for by phosphorylation only. The
sequence was subsequently reanalyzed for degradation via PEST sequences. The most likely
PEST sequence begins at residue 433. A new construct, TDKD3, was cloned truncating the
C-terminus at residue 433.

Role of PEST Regions in Protein Degradation
One of the difficulties of working with Dyrk 1B is that it degrades rapidly. This is
attributed to the PEST region. The sequences of some rapidly degraded proteins (Myc, Fos,
Jun, p53, etc.) were analyzed and it was observed that there were regions enriched in proline
(P), glutamate (E), serine (S), and threonine (T) and these regions were also interrupted by
positively charged residues (Rogers, Wells et al. 1986; Rechsteiner and Rogers 1996). PEST
regions are generally found in the C-terminus of proteins such as cyclins, metabolic enzymes,
transcription factors, kinases, phosphatases, and proteins exhibiting rapid changes in
concentration. Secondary structure predictions for PEST regions of proteins vary from
protein to protein. PEST regions are hydrophilic in nature; therefore, they are most likely
solvent exposed loops or extensions.
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The computer program, PEST-FIND, defines PEST regions as a stretch of
hydrophilic residues that is 12 or more amino acids in length. These regions contain at least:
one P, one E or D, and one S or T, i.e. one proline, one acidic residue, and one
phosphorylatable residue. They are flanked by a basic residue such as lysine (K), arginine
(R), or histidine (H). Positively charged residues are not allowed within the PEST sequence.
PEST-FIND scores range from –50 to +50 with positive scores indicating a potential PEST
region. Values greater than +5 indicate great PEST potential.
PEST sequences can be constitutive or conditionally induced proteolytic signals.
Removal of the PEST sequences can result in increased protein stability (Ghoda, van Daalen
Wetters et al. 1989; Pu and Osmani 1995). Previous constructs were determined from
alignment with Dyrk 1A and ERK2 and subsequently included the first PEST region
indicated in red (Figure 4). Therefore, this region was removed through cloning
subsequently yielding the more stable construct TDKD3.

Co-expression and Purification of TDKD3
TDKD3 expression alone did not produce sufficient quantities of protein. However,
improved TDKD1 expression was previously seen during co-expression with DCoH-HNF-1α
1-280 linker c/d tag-less fusion protein. Therefore, TDKD3 was co-expressed with DCoHHNF-1α 1-280 fusion protein. To help increase yield of soluble protein, TDKD3 was also
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Figure 4. PEST analysis of Dyrk 1B revealed high potential PEST sequences.
The greatest potential PEST sequence begins at residue 433. High PEST potentials are
shown in red while low likelihood of PEST potential is depicted in blue. The program
PESTFIND was used for this analysis.
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co-expressed with the chaperone plasmid pG-KJE8. pG-KJE8 encodes for the chaperones
dnaK-dnaJ-grpE using the arabinose promoter (inducer L-arabinose) and groES-groEL using
the Pzt1 promoter (inducer tetracycline). These chaperone proteins are involved in protein
folding and can enhance target protein recovery from the soluble fraction (Nishihara,
Kanemori et al. 1998). Despite these and previous efforts (see Appendix for details), protein
yield from these optimized expression and purification conditions was still only 0.5 mg
protein per liter of culture. Therefore, large volumes of culture were used. The elution
profile from a 25 L culture preparation is shown in Figure 5. Protein was also lost during
TEV cleavage and while concentrating the protein.
TEV protease was used to cleave the hexahistidine tag from the Dyrk 1B constructs.
Native TEV is prone to autolysis, so a TEV mutant was used herein. This mutant, TEVmut,
was more stable and retained similar catalytic activity (Kapust, Tozser et al. 2001). TEVmut
was expressed and purified (Figure 6A). TEVmut was able to efficiently cleave the
hexahistidine tag off of the Dyrk 1B constructs over a temperature range of 4˚C-18˚C. The
cleavage indicated that the tag was sufficiently exposed for cleavage at the N-terminus of the
construct. Cleavage by TEVmut resulted in slightly faster migration through the
polyacrylamide gel (Figure 6B).
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Figure 5. Purification of TDKD3 by nickel affinity chromatography.
Elution profile of TDKD3 using 20mM-250 mM Imidazole. 24 L of TDKD3/ DCoH/HNF1α 1-280 / pGKJE8/ BL21(DE3) were purified using Nickel affinity chromatography. A)
Complete elution profile. B) Close up of fractions enclosed by dotted box in lower portion of
A. C) Purified TDKD3 was analyzed by SDS-PAGE followed by coomassie staining. Lanes
1) Protein marker, 2) TDKD3 (7.5 ug), 3) TDKD3 (15 ug). Yield was ~ 0.5 mg purified
protein per liter of culture
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C

Figure 5
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A

B

Figure 6. Purified TDKD3 was proteolyzed by TEVmut produced in house.
A) Purified TEVmut is shown in lane 2. B) TEVmut efficiently cleaves TDKD3. Lane 2,
TDKD3; lane 3, DKD3 (i.e. proteolysis of the TEV cleavage site, T, from TDKD3 removes
the hexahistidine tag and the TEV cut site). Lane 1 in both gels: Protein marker.
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Activity Test of TDKD3 Reveals Enhanced Phosphorylation of HNF-1α in the Presence
of DCoH1
Like TDKD1, the TDKD3 construct was active and able to phosphorylate MBP in a
dose dependent manner (Figure 7, lanes 3-4). Comparison of TDKD1 and TDKD3 indicates
that autophosphorylation occurs in the PEST region among the serines and threonines (lanes
8, Figures 3 and 7). Phosphorylated TDKD1 runs at about the same position as
phosphorylated DCoH-HNF-1α 1-280 linker a/b fusion protein (Figure 3 coomassie stained
panel versus autoradiogram) and TDKD1 can autophosphorylate. Part of the
phosphorylation seen in Figures 3 and 7 can be attributed to autophosphorylation of TDKD1
because DCoH-HNF-1α 1-280 linker a/b fusion protein and TDKD1 migrate nearly
identically by SDS-PAGE, as seen in the coomassie stained panel as well as the
autoradiogram. Therefore, TDKD3 shows improved phosphorylation of DCoH-HNF1α 1280 linker a/b fusion protein compared to TDKD1 as TDKD3 seems to be lacking
autophosphorylation.
DCoH is known to interact with both Dyrk 1B and HNF-1α. To study the effect of
DCoH presence on HNF-1α phosphorylation by Dyrk 1B, phosphorylation of HNF-1α 1-280
and DCoH-HNF-1α 1-280 linker a/b fusion protein were examined. The time course assay
showed increased phosphorylation of both substrates over time (Figure 8A, B). However, the
fusion protein exhibited greater phosphorylation indicating that DCoH enhances the
interaction between the kinase and the transcription factor.
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Figure 7. TDKD3 phosphorylates MBP and DCoH/HNF-1α 1-280.
TDKD3 is more active than TDKD1. 2 ug MBP or DCoH/HNF-1α 1-280 were incubated
with TDKD3 in the presence of 32P-ATP (2.5 μCi). MBP was used as the substrate (lanes 27). Lanes 1) Protein marker, 2) MBP, 3) MBP + 1 ng TDKD3, 4) MBP + 10 ng TDKD3, 5)
MBP + 100 ng TDKD3, 6) MBP + 1000 ng TDKD3, 7) MBP +TDKD1 (control kinase), 8)
1000 ng TDKD3, 9) DCoH/HNF-1α 1-280 + TDKD1, 10) DCoH/HNF-1α 1-280 + TDKD3.
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Figure 8. DCoH enhances phosphorylation of HNF-1α by TDKD3
DCoH enhances phosphorylation of HNF-1α by TDKD3 (0.1 ug). Time
course showing the phosphorylation of A) HNF-1α 1-280 (4 mM) vs B)
DCoH/ HNF-1α 1-280 fusion protein (4 mM). A) Phosphorylation of HNF1α: Lane 1) HNF-1α 1-280, 2) marker, 3) t=1 min., 4) t= 3 min, 5) t= 5 min,
6) t= 7.5 min, 7) t= 15 min, 8) t= 30 min, 9) t= 60 min. B) Phosphorylation
of DCoH/ HNF-1α 1-280 fusion protein: Lane 1) marker, 2) DCoH/ HNF-1α
1-280 fusion protein, 3) t=1 min., 4) t= 3 min, 5) t= 5 min, 6) t= 7.5 min, 7) t=
15 min, 8) t= 30 min, 9) t= 60 min, 10) TDKD3. Upper panels indicate
coomassie stained gels, bottom panels indicate autoradiograms.
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Peptide substrates were synthesized to test specificity using a filter binding assay. The
positively charged residues in the peptide substrate and the negatively charged phosphate
groups of the paper bind the substrate while permitting excess 32P-ATP to flow through
(Glass, Masaracchia et al. 1978). TDKD3 phosphorylated all peptide substrates except
KEMPtide, a substrate for cAMP-dependent kinase (PKA) which served as a negative
control for TDKD3 (Figure 9). TDKD3 also phosphorylated a peptide with the
autophosphorylation loop sequence. This may be attributed to a number of reasons. In the
panel above (-TDKD3) we see some background despite lack of kinase. Additionally, the
kinase itself gives some signal spots. Also, the DYRKtide signal bleeds across the bottom
row of samples. Taken together, there may be enhanced signal seen for the
autophosphorylation loop simply due to background. It is possible that the serine at the end
of the sequence is responsible for the minimal phosphorylation of the autophosphorylation
loop and not the Tyr residues. DYRKtide, the optimal Dyrk 1A substrate, is also better
phosphorylated than MBP and is the best peptide substrate tested.

Mass Spectrometry of TDKD3
Preliminary mass spectrometric analysis of TDKD3 was performed to examine protein
phosphorylation. The protein samples were proteolyzed with trypsin and separated on a C18
column (Figure 10 A). Approximately 40.62% coverage by mass was observed. The
portions of the sequence shown in gray of Figure 10 B indicate regions observed in MS
analysis. Each peak corresponds to a peptide in the full MS/MS spectrum (Figure 10 E).
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Figure 9. TDKD3 phosphorylates DYRKtide but not KEMPtide.
DYRKtide is the optimized peptide substrate for DYRK1A. KEMPtide (negative control) is
a PKA substrate. This filter binding assay shows buffer and kinase controls in the top row.
Samples incubated with 32P-ATP alone (no TDKD3) are shown in row 2. The 3rd row
indicates samples incubated with 32P-ATP and TDKD3.

183

Ion matching was performed to determine the percentage of phosphorylated versus
unphosphorylated peptides. Good ion matching was seen for the phosphorylated
autophosphorylation loop (Figure 10 C). The two peaks indicate two populations with at
least one phosphorylation but most likely two phosphorylations. The first one is most likely
the second tyrosine in the autophosphorylation sequence while the other phosphorylation
maybe the first tyrosine or the serine at the end of the activation loop. Bacteria do not
express tyrosine kinases (Kornbluth, Paulson et al. 1988). However, we and others have seen
phosphorylation of recombinant protein from E. coli expression systems see (Kentrup,
Becker et al. 1996; Himpel, Panzer et al. 2001; Lochhead, Sibbet et al. 2003).
Autophosphorylation occurs in cis (i.e. intramolecularly) (Lochhead, Sibbet et al. 2005).
Generating a point mutation at the serine can help identify this. The region between 70-80
minutes on the chromatogram (Figure 10 D) reveals several peaks which correlate with
unphosphorylated peptide as determined by ion matching. The same region in the
chromatogram for the phosphorylated loop (Figure 10 C) shows other peaks eluting at the
same time. The protein may have become dephosphorylated such as during storage of the
sample, during alkylation/in gel tryptic digestion, electrospraying (0.1% formic acid is
overcome by the energy), or a combination of the three, as the pH never became high enough
for dephosphorylation due to basic conditions. To accurately quantify the percentage of
phosphorylated and unphosphorylated populations, the phosphorylated residues must be
isotope labeled.
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Figure 10. LC/MS2 of TDKD3
56 mg of TDKD3 were run on SDS-PAGE (not shown) and subject to in-gel tryptic
digestion. Trypsin cuts after lysine or arginine except after proline. A) HPLC
chromatogram of sample run on a C18 column using a 5%-95% acetonitrile gradient with
0.1% formic acid. B) The LC/MS/MS resulted in 40% sequence coverage. C-E) Ion
matching distinguished between phosphorylated (C) and unphosphorylated activation loop
sequences (D). C) and D) show phosphorylated and unphosphorylated activation loop in the
LC chromatograms. Full MS results are shown in E.
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Forty percent coverage for an in-gel digestion and the specific activity of the kinase
were sufficient to confirm the identity of the protein in the sample. However, to increase
confidence in our results, a number of factors can be changed for future analysis. Elution
efficiency can be improved by using NuPAGE (bis-tris) gels for 80-90% extraction
efficiency. The phosphorylated and unphosphorylated digested peptides elute with different
efficiencies. The cutting efficiency may be affected by partial refolding of the protein
despite the denaturant, SDS, in the gel. Trypsin proteolyzes after lysines and arginines
except after prolines. If the protein is partially refolded, the Arg and Lys necessary for
trypsin digestion may remain hidden. Increasing gel crushing for easier access for the trypsin
digestion may present another opportunity for improving cutting efficiency. Digesting with
other proteases may provide more sequence coverage. Using an isotope can help with
identification of phosphorylated residues.

Crystallization of DKD3:
TDKD3 and DKD3 (with the His-tag removed by TEV cleavage) were crystallized at
Hauptman-Woodward Institute Center for High Throughput Structural Biology
(HWICHSTB) (Luft, Collins et al. 2003) and in house ( discussed in the Appendix,
Supplement 1). A crystal of the protein without the hexahistidine tag is was obtained inhouse and is shown in Figure 11A. DKD3 crystallized in 1 M (NH4)2PO4, 0.1M imidazole
(pH 8.0), 0.2 M NaCl (Wizard screen) and dyed with Izit crystal dye. The DKD3 diffraction
pattern was better than 2.5 Å (between 2.0 Å and 2.5 Å, Figure 11B).
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Figure 11. Example of Dyrk 1B kinase crystals obtained from crystallization trials set up in
house.
A) DKD3 crystal dyed with Izit Crystal dye. B) Diffraction from a DKD3 crystal.
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DISCUSSION

Advances Toward the Purification and Characterization of Dyrk 1B Kinase
Dyrk 1B has been a difficult protein to work with due to its instability and insolubility
which resulted in extremely low protein yield. This dissertation reports the first active and
stable Dyrk 1B construct which crystallizes under different conditions. Having an active
kinase in-hand will allow us to further characterize the structure and function of Dyrk 1B.
Several developments allowed us to purify an active Dyrk 1B construct including Nand C-terminal truncations, low temperature expression, co-expression with a DCoH/HNF1α fusion protein, and optimizing the purification. Improved yield by co-expression in E coli
with DCoH-HNF-1α 1-280 fusion protein but not with HNF-1α by itself indicated that DCoH
was important for the interaction and also for helping to stabilize the kinase during induction.
While it may be helpful to purify protein under denaturing conditions for greater protein
yield, proper folding is not always obtained with this method. The renatured protein must be
tested for activity and the activity compared to that of native protein which has never seen
denaturing conditions.

Future Directions
Future experiments for studying Dyrk 1B are comprised of 2 major categories which
are not mutually exclusive. In the first part, we would like to study Dyrk 1B’s effect on
HNF-1α. The second goal is to further characterize Dyrk 1B.
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Regulation of HNF-1a
We are interested in where Dyrk 1B phosphorylates HNF-1α and how each
phosphorylation affects HNF-1α’s transcriptional activity or possibly turnover. In pancreatic
beta cells, phosphorylation regulates the nuclear localization of the transcription factor PDX1 (Macfarlane, McKinnon et al. 1999). HNF-1α activity may also be enhanced due to
increased nuclear localization like PDX-1or possibly through structural changes as Dyrk 1B
phosphorylates HNF-1α on Ser247 in the DNA binding domain in the CBP binding region.
The mutation, Ser247Ala, in the HNF-1α construct, HNF-1α (1-283), is still phosphorylated
by Dyrk 1B. Therefore, there is at least one other phosphorylation site which may contribute
to HNF-1α’s enhanced activity. Having obtained an active Dyrk 1B construct, we can
identify sites on HNF-1 that are phosphorylated in vitro. Through a sequence of kinase
assays, followed by limited proteolysis, and mass spectrometry all the phosphorylation sites
can be identified. To test the effect of these phosphorylations, transient transfection assays
can be performed using phosphomimetic amino acids, Asp and Glu, for a phosphorylated
serine or threonine or by neutralizing the phosphorylatable residue in question to an alanine
(Thorsness and Koshland 1987). These sites would be confirmed in vivo through
immunoprecipitation of the mutant proteins using the mouse beta cell line we have in the lab,
βTC3.
It was also previously observed that HNF-1α was turned over via the proteosome
(Park, Cho et al. 2004). The effect of phosphorylations on degradation can be tested in vivo
in βTC3 cells via transient transfection assays expressing HNF-1α and Dyrk 1B. Protein
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synthesis can be inhibited by cyclohexamide with or without the addition of a proteosome
inhibitor (such as MG132), and degradation monitored by immunoblotting. Nuclear
localization can be tested by transient co-transfection of fluorescently labeled HNF-1α,
DCoH-HNF-1α fusion protein, and Dyrk 1B and viewed by fluorescence microscopy.
We would also like to determine if phosphorylation of HNF-1α alters its structure.
Ser247 is located in the CBP binding region in a loop situated between the second and third
helices of the homeodomain region of the bipartite DNA binding domain. The loop is
solvent exposed (Chi, Frantz et al. 2002). Loop residues interact with the POU-specific
region of the DNA binding domain. Phosphorylation may affect the interaction between the
two domains, thereby affecting the DNA binding affinity and transcriptional activity. This
could be examined first through structural analysis via crystallization of HNF-1α coexpressed with Dyrk 1B with and without DNA.

Substrate Specificity
The activity of the kinase was tested using peptides and protein substrates, but further
characterization of Dyrk 1B’s activity is necessary for pursuing pharmaceutical aspects for
this kinase which is upregulated in cancers. It is also important to further define Dyrk 1B’s
substrate specificity because Dyrk 1B and Dyrk 1A, though similar, are not directed in the
same manner (arginine versus proline, respectively) nor are they functionally redundant.
This signifies distinct roles for each protein. Dyrk 1A has been studied at greater length due
to localization to the Down’s syndrome critical region of chromosome 21, and the kinase
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activity has been characterized. The same needs to be done for Dyrk 1B not only for
comparison but to further distinguish Dyrk 1B from Dyrk 1A.
The activity assay using protein and peptide substrates will help us define Dyrk 1B
substrate specificity. The activity assay presented here was an initial test and needs to be
repeated. A unique aspect of Dyrk 1B substrate specificity is its ability to autophosphorylate
a tyrosine residue in its activation loop. Other than this tyrosine, Dyrk 1B phosphorylates
only serine and threonine residues. In order to characterize the tyrosine substrate, we tested
whether Dyrk 1B could phosphorylate a peptide containing the activation loop sequence.
The peptide exhibited only slight phosphorylation, as was previously seen for representatives
of both nuclear and cytoplasmic classes of Dyrks (Lochhead, Sibbet et al. 2005). The minor
phosphorylation seen could be attributed to Dyrk 1B, dDyrk 2, and Mnb autophosphorylation
loop sequences all containing a serine. In the future we will use a dot blot apparatus to speed
up screening substrates. If phosphorylation persists, a mutant of the autophosphorylation
loop sequence with the C-terminal serine mutated to prevent potential phosphorylation of the
peptide will be used.
Another approach that will help us to further define substrate recognition is
crystallization of the Dyrk 1B/DCoH/HNF-1α complex. Dyrk 1B is able to interact with
both DCoH and HNF-1α (Lim, Jin et al. 2002). This structure will capture a 3-dimensional
interaction environment that is lacking in the linearity of the peptides. Furthermore, this will
help define the region surrounding the primary consensus sequence, (S/T)P(S/T)XXR.
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Because Dyrk 1B is implicated in a number of cancers, small molecule inhibitors,
such as purvalanol A and TBB should also be tested to see if they are effective Dyrk 1B
inhibitors as both Dyrk 1B and Dyrk 1A exhibit some substrate specificity preferences (Bain,
McLauchlan et al. 2003; Sarno, de Moliner et al. 2003). These small molecule inhibitors are
also effective for dDYRK2 and MNB, but only purvalanol A inhibits dDYRK2
autophosphorylation during in vitro transcription/translation (Lochhead, Sibbet et al. 2005).
Purvalanol A and TBB are structurally different inhibitors and binding of these inhibitors
during translation will also indicate if the Dyrk 1B autophosphorylation mechanism is similar
to that of dDYRK2 and MNB as the intermediate and mature kinases have different
structures.

Regulation by Upstream Kinases
MKK3 is a known upstream activator of Dyrk 1B. MKK3 activates Dyrk 1B via
phosphorylation, but the phosphorylation site is unknown. What is known, however, is that
the location of activation is highly unlikely to be Tyr273, the second tyrosine in the
activation loop because MKK3 is also a Ser/Thr kinase. This second tyrosine is
autophosphorylated during a maturation event even in E. coli which do not encode for
tyrosine kinases (Lochhead, Sibbet et al. 2005). All of these taken together with the fact that
MKK3 was able to further enhance the activity of Dyrk 1B indicate that another activating
phosphorylation exists (Lim, Jin et al. 2002).
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By performing mass spectrometry analysis on Dyrk 1B used as a substrate in a kinase
assay with and without MKK3, which our lab received as the generous gift of Dr. Han
(Scripps) and Dr. Friedman (SUNY Rochester), we will be able to identify the MKK3
phosphorylation sites on Dyrk 1B. Suggestions for improving mass spectrometry results
were detailed in the results section above. In addition to mass spectroscopic analysis, the
tool, Human Protein Reference Database Phosphorylation Motif Finder,
www.hprd.org/PhosphoMotif_Finder may prove useful in identifying potential
phosphorylation sites.
Learning more about how Dyrk 1B is regulated, for example by upstream kinases,
may help us to learn more about when and where it functions. For example, our
collaborators have indicated that Dyrk 1B was found to interact in the DCoH-HNF-1α
complex with a calcium channel (not published). This is of interest to us because in MODY,
insulin is produced but not secreted. Calcium channels must be stimulated for calcium influx
which leads to insulin exocytosis. Calcium channel subunits also undergo phosphorylation
(Yang and Berggren 2005). These phosphorylations play a role in tonic regulation.
Inhibition of phosphorylation leads to decrease in calcium influx. We next need to look into
if the calcium channels found in beta cells are Dyrk 1B substrates.
The YQY sequence of the Dyrk 1B activation loop is thought to be the equivalent of
the MAPK TXY activation loop sequence. The MAPK ERK2 requires phosphorylation of
both the threonine and tyrosine in the activation loop (Cobb and Goldsmith 1995). The
presence of tyrosines in Dyrk 1A’s activation loop and phosphorylation of Tyr321 were

197

thought to be necessary for Dyrk 1A activity (Himpel, Panzer et al. 2001). It is believed that
both tyrosines in Dyrk 1B’s activation loop are also necessary for activity when a double
mutation to FQF resulted in an inactive Dyrk 1B construct (Lee, Deng et al. 2000). While we
and others have seen phosphorylation of the second tyrosine, the phosphorylation state of the
first tyrosine is not known. However, it was recently discovered that neither the presence of
the tyrosine nor the tyrosine phosphorylation were required for Dyrk 1A activity (Adayev,
Chen-Hwang et al. 2007). We propose to study the requirement for tyrosine and tyrosine
phosphorylation of Dyrk 1B by generating a number of site directed mutants.
The mutations will include Ala, Phe, Glu, Gln, and His. Phe is used as a Tyr
substitute due to structural similarity. Asp and Glu are typically used as amino acid
phosphomimetics for Ser and Thr respectively because of their negative charge. Glu is likely
to provide improved activity because the phenyl ring of Tyr extends the hydroxyl group
further away from the protein backbone, and the Glu is slightly longer than Asp. This may
explain why the Asp mutation did not result in an active Pom1p mutant but Glu produced an
active Dyrk3 mutant (Bahler and Nurse 2001; Li, Zhao et al. 2002). His and Gln were used
because of their hydrophilic nature (Adayev, Chen-Hwang et al. 2007). Mutations in
position 271 will indicate if tyrosine in the first Tyr position is required for activity.
These mutants and wild-type Dyrk 1B will be tested for activity with and without the
use of the broad spectrum λ phosphatase and tyrosine specific leukocyte-antigen related
(LAR) phosphatase. Phosphatase efficiency will be confirmed through thin layer
chromatography or SDS-PAGE analysis followed by immunoblotting using anti-
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phosphotyrosine antibody. To inhibit residual phosphatase activity, Na3VO4 will be included
in the kinase activity assays. DYRKtide will be used as the peptide substrate in these assays.
Crystallization studies will be pursued to study important contacts generated or
missing in these structures and correlated with the activity determined for each. As Phe
double substitution resulted in a kinase dead Dyrk 1B and Dyrk 1A mutants, while His and
Gln mutants retained activity (albeit diminished), it is likely that the side chain in that
position(s) is required for contacts necessary for kinase activity (Adayev, Chen-Hwang et al.
2007). Crystal structures of the wild-type versus the mutants will expose the activation loop
contacts necessary for activity.

Directions for Improving Upon the Crystallization Conditions of Dyrk 1B
Initial conditions for TDKD3 crystallization have been identified and reproduced.
Crystals were achieved under multiple conditions, with varying precipitating agents (such as
PEG), pH, and salts. The conditions in which the crystals took up Izit protein crystal dye and
the “melted crystal” crystallization condition will be tested first for diffraction. If the results
warrant finer screening, such as PEG versus pH or additive and detergent screens, those will
be pursued. We are confident that these crystals can be improved for structure determination.

Afterword
Recently, during the writing of this dissertation, it was discovered that another group
was working on the Dyrk family member, Dyrk 1A. Coordinates were deposited for a Dyrk
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1A construct (PDB ID: 2WO6). The construct ranged from residues 135-481, which is 2
amino acids longer at the amino terminus than TDKD3. The overall structure is similar to
that of other kinases (see above). Alignment of this construct to ERK2 reveals that the ERK2
is longer, and the smaller N-terminal lobe has an extra helix close to the alpha C-helix. The
ERK2 activation loop is not only larger, but both the threonine and tyrosine are
phosphorylated. Dyrk 1A is phosphorylated at a single Tyr in the activation loop, Tyr321.
Dyrk 1A has a larger loop region in the larger C-terminal lobe.
The peptide substrate, ARPGTPAL, showed interesting contacts with Dyrk 1A in the
crystal structure. This substrate contains the Pro residues C-terminal to the Thr, which is
important for Dyrk 1A substrates, but also the Arg at the P-3 position, which characterizes
Dyrk 1B substrates. The 3 hydrogen bonds of peptide Arg to Dyrk 1A seems to suggest that
an Arg is important in the substrate. It would be interesting to see if similar contacts are
made between the peptide substrate and Dyrk 1B. These residues which make the hydrogen
bonds are conserved in Dyrk 1B. Surprisingly, the P+1 position proline of the substrate,
which directs Dyrk 1A, does not make any contacts with the kinase.
While the crystallized construct is similar to TDKD3, there are a few important
differences that we hope to characterize. The group who solved the Dyrk 1A structure is a
structural proteomics group that has not published papers describing many of their structures.
So far, only the coordinates of the Dyrk 1A structure have been deposited; there is no paper
on the structure published to date. The 2 kinases are also regulated in different manners;
Dyrk 1B is arginine directed while Dyrk 1A is proline directed. Additionally, the activity of
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this construct was not tested. Finally, we also know that the two proteins are not functionally
redundant (discussed above). In our crystallization trials, we will test out crystallization with
peptides or protein substrates (HNF-1α or DCoH-HNF-1α fusion protein) to examine
contacts important for substrate recognition.
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APPENDIX

Supplement 1:

Crystallization Trials: High-Throughput and In-House Crystallization Screening
TDKD3 and DKD3 (with the His-tag removed by TEV cleavage) were crystallized at
Hauptman-Woodward Institute Center for High Throughput Structural Biology
(HWICHSTB) (Luft, Collins et al. 2003) and in house. Several Dyrk 1B kinase domain
samples were sent to HWICHSTB: TDKD3 at 8.5 mg/mL and 4.5 mg/mL with ATP,
TDKD3 at 4 mg/mL and 2 mg/mL with ADP-AlF4 and ADP respectively, and DKD3 at 2.5
mg/mL with ATP. At HWICHSTB, the crystallization trials take place in a 1536 well plate
via batch method. Each well contains a mixture of 0.2 μL cocktail solution and 0.2 μL
protein sample solution covered with paraffin oil. Plates are incubated at 23°C. Images of
each well were taken at specific time intervals: prior to protein sample addition (i.e. well
solution only), immediately after addition of protein sample, 24 hours, 1 week, 2 weeks, 3
week, and 4 weeks after setup. Data are received from HWICHSTB and viewed through the
program Macroscope. Though paraffin oil is impermeable to water, drop dehydration was
observed. This may have been due to evaporation through the oil barrier. Examples of
crystals obtained from HWICHSTB are shown in Figure 12 A-E.
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Figure 12. Examples of high-throughput screening results from HWICHSTB.
A) DKD3, 2 mg/mL B) TDKD3 (8.5 mg/mL), C) TDKD3 (4.5 mg/mL), D) TDKD3
(4 mg/mL) + ADP-AlF4, E ) TDKD3 (2 mg/mL) + ADP.
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Figure 12.
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Figure 12.
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An example of in-house reproduction and finer screening of a HWICHSTB
crystallization condition for TDKD3 (pH 5.5, 25% PEG) is shown in Figure 13. A pH versus
PEG screen was applied for optimization. Improved crystallization conditions (as seen by
larger, well defined crystals) were obtained at pH 6.0 and 15% PEG.
Cocktails of solutions which successfully aided in crystallization ranged from pH 5-8
and many conditions included lithium, magnesium, manganese, and sulfate salts. The
TDKD3/DKD3 construct crystallized under more than 30 different conditions, with the
DKD3 and ATP sample crystallizing under the most conditions (16+). TDKD3 with ADP
(+/-) ATP analogue produced the fewest hits.
TDKD3 (protein concentrations 4.5 and 8.5mg/mL) yielded crystallization hits, 4
conditions of which were tested for TDKD3 at both 4.5 mg/mL and 7.5 mg/mL in house.
Crystals were produced via hanging drop method using different protein to well solution
ratios as well. Detergent screen and additive screen also aided with crystallization. TDKD3
ADPAlF4 at 4 mg/mL was not reproduced at home due to protein limitations. TDKD3 with
ADP under HWICHSTB conditions were setup at 2 mg/mL.
DKD3 (2.5 mg/mL with ATP) yielded several crystallization condition hits. Due to
protein limitations, DKD3 at 1 mg/mL was used instead of at 2.5 mg/mL as at HWICHSTB.
Eleven different conditions were setup in house along with a variation of one under Al’s oil
and silicon oil. Silicon oil samples produced more crystals. With the exception of 1
condition, crystals were reproducible in house under all of these different conditions. During
a separate trial under paraffin oil, the well solution by itself and with protein storage solution
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Figure 13. A pH versus PEG optimization of a Hauptman-Woodward screen condition
(pH 5.5, 25% PEG). All solutions were prepared in house.
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were also set up as a negative control due to presence of ATP in the protein storage solution
buffer. These all produced negative results. TDKD3 at 2 mg/mL was also tested under these
conditions on the same plate but did not crystallize whereas DKD3 crystals were
reproducible indicating that tagged and untagged protein samples did not crystallize under
identical conditions. This was also seen for samples with ATP versus ADP. All promising
results for TDKD3 and DKD3 were reproduced in house using homemade crystallization
solutions. Additionally, protein storage buffer was set up as controls for each condition
tested and did not produced positive results indicating that storage solution components may
not be contributing to false positive crystals. However, this is not confirmation of protein
crystals. These conditions need to be reproduced and the crystals tested for diffraction.
Screens tested in-house with TDKD3 and DKD3 protein samples included Peg-Ion, Wizard
screens, JBScreen Kinase HTS. A condition using a phosphate mimetic produced a “soft”
crystal which melted upon observation under the microscope light (Figure 14 B, second
panel). Examples of crystals from in house set-ups are shown in Figure 14B.
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Figure 14. Example of Dyrk 1B kinase crystals obtained from crystallization trials set up in
house.
A) Example of kinase crystal obtained from Peg Ion Screen. B) Example of kinase crystal
obtained from Wizard and kinase screens. 3rd panel indicates a “soft” crystal and a kinase
crystal which was clear and then clouded over. This last panel was set up with 15 mg/mL
protein.
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Supplement 2:
Materials and Methods:

Engineering of Other Dyrk 1B Constructs for Expression in E. Coli
All Dyrk 1B constructs were amplified from Mirk/pGEX2T (Friedman lab),
subcloned into designated vectors, and subsequently sequenced with forward primers, reverse
primers, and internal primers where appropriate. The host vectors used were pET24bNHis
and pCDF-Duet1. DFL, DNK, and DKD were inserted into Bam HI/Eco RI-digested
pET24bNHis.
TDFL, TDNK1, TDNK2, TDKD1, TDKD2 were cloned into pCDF-Duet1 using Eco
RI and Not I. TDNterm (420 nts), TDFL, TDNK1, TDNK2, TDKD1, TDKD2 were
subsequently cloned into Eco RI/Not I cut pET24bNHis due to poor expression of the
constructs in pCDF-Duet1.
The primers used for generating the various Dyrk 1B constructs were as follows:
DFL (a.a. 1-629) used the primer combination dyrk1bfwdfull (5’ – GAG TTT GGA TCC
ATG GCC GTC CCA CCG GGC CAT – 3’’) and dyrk1brevfull (5’- AGA AAA GAA TTC
TCA CGA GCT GGC TGC TGT GCT CTG – 3’). DKD (a.a. 111-430) was generated using
the primer pair dyrk1bfwdkinase (CAA AAA GGA TCC ATG CGC TAC GAA ATT GAC
TCG CTC ATT GGC AA – 3’) and dyrk1brevkinase (5’ – AAA TCT GAA TTC TTA GCG
GCG GAA GAA GCC GTG CTG – 3’). DNK (a.a. 1-430) was generated using the primer
pair, dyrk1bfwdfull and dyrk1brevkinase.
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Dyrk 1B constructs cloned into pCDF-Duet1 utilized the following primers: DFL (5’
DFL 030204 (5’ – GGA ATT CGG AAA ACC TGT ACT TCC AGG GCG CCA TGG CCG
TCC – 3’), 3’ DFL (5’ – AAG GAA AAA AGC GGC CGC TCA CGA GCT GG – 3’)),
DNK1(a.a. 1-484) ( 5’ DFL 030204, 3’ DKD CTERM1 (5’ – AAG GAA AAA AGC GGC
CGC TTA GCG GTA GGT C – 3’)), DNK2 (a.a. 1-491) ( 5’ DFL 030204, 3’ DKDCterm2
(5’ – AAG GAA AAA AGC GGC CGC TTA CCC ACA ATA TCG G – 3’)), DKD1 (a.a.
89-484) (5’ DKD 030204 (5’ – GGA ATT CGG AAA ACC TGT ACT TCC AGG GCG
CCA ACC ATG GTT ATG – 3’), 3’ DKDCterm1), DKD2 (a.a. 89-491) (5’ DKD 030204, 3’
DKD CTERM2).
Tev-Dyrk 1B constructs, TDFL, TDNK1, TDNK2, TDKD1, TDKD2 are Dyrk 1B
constructs with TEV cleavage sites which were cloned into pET24bNHis6. The constructs
and the primers utilized for cloning are as follows: TDFL (5’DFL (5’ – GGA ATT CGA
AAA TTT ATA TTT TCA AGG TAT GGC CGT CCC AC – 3’), 3’ DFL (5’ – AAG GAA
AAA AGC GGC CGC TCA CGA GCT GG – 3’)), DNK1 (5’ DFL, 3’ DKD CTERM1 (5’ –
AAG GAA AAA AGC GGC CGC TTA GCG GTA GGT C – 3’)), DNK2 ( 5’ DFL, 3’
DKDCterm2 (5’ – AAG GAA AAA AGC GGC CGC TTA CCC ACA ATA TCG G – 3’)),
DKD1 (5’ DKD (5’ – GGA ATT CGG AAA ACC TGT ACT TCC AGG GCG CCA ACC
ATG GTT ATG – 3’), 3’ DKDCterm1), DKD2 (5’ DKD, 3’ DKD CTERM2).
TDNterm was generated using the restrictionless PCR method using the primer sets
DNTERM FWD1 (5’ – AAT TCG AAA ATT TAT ATT TTC AAG GTA TGG CC – 3’),
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DNTERMREV1 (5’ – GCT CAG CGC TCC AGC CAG CGC T – 3’) and DNTERM FWD2
(5’ – CGA AAA TTT ATA TTT TCA AGG TAT GGC CGT CC – 3’), DNTERM REV2 (5’
– GGC CGC TCA GCG CTC CAG CCA GCG CT – 3’). The protocol denaturing and
reannealing the blunt ended PCR products to form the correct insert with Eco RI/Not I
complementary ends was the same as for TDKD3.
All ligations were confirmed by PCR colony checking, miniprepping, restriction
enzyme digestion, and sequencing as described above. Internal primers were designed and
synthesized to be used for sequencing. The Dyrk 1B constructs DFL and DNK were too long
to be sequenced using only vector primers. DFL/DNK REV INT (5’ – CAT CAG CTC CAG
CAG CCG CAG CTC – 3’), DFL INTPrim#2 (5’ – GGC AAA GGC TCC TAT GGC CAG
GTG G – 3’), DKD Internal Primer (5’ – GTG CAA CCC CAA GCG CAG CGC C – 3’),
DFL INTERNAL #3 (5’ – GCTCTG CAG CAC GGC TTC TTC CG – 3’), 3’
pmonseqprimer (5’ – GAT TAT GAT CCT CTA GTA CTT CTC G – 3’) in addition to
vector primers.

Engineering of Dyrk 1B Constructs for Expression in Insect Cells
The constructs expressed in insect cells were the same as in E. coli (TDFL, TDNK1,
TDNK2, TDKD1, and TDKD2). The insect cells constructs were named like the
corresponding E. coli constructs but preceded by an I (ITDFL, ITDNK1, ITDNK2, ITDKD1,
and ITDKD2). These were cloned into the baculovirus donor plasmid pnsb1184.
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The protocol for cloning was the same as above, except the host plasmid, psnb1184
was used. Subsequent to sequencing, plasmids were transformed into DH10Bac cells
(Invitrogen). These cells and the pnsb1184 vector were the generous gift of Dr. Linda
Hanley Bowdoin.
Positive transformants were screened from blue/white screening on plates containing
X-gal and appropriate antibiotics which were incubated overnight at 37° C in the dark.
Clones positive for transposition (white) were selected to inoculate cultures. These cultures
were miniprepped to render resultant recombinant bacmid DNA and the resulting DNA was
ethanol precipitated for transfection under sterile conditions. Sf9 cells (SFM adapted)
(Invitrogen) were transfected with DNA using insect cell growth media and Cellfectin
Reagent (Invitrogen) to obtain primary viral lysate. Primary viral lysate was then used to
generate primary high titer viral lysate by subsequent infection of Sf9 cells. The resulting
secondary high titer viral lysate was then used for infections. HTVLs were stored with 2%
FBS (Gibco) and penicillin-streptomycin-neomycin antibiotics (1:100 dilution, Gibco).

Expression and Expression Testing of Dyrk 1B Constructs in E.coli
Positive clones were transformed into various expression cell lines (BL21 (DE3),
BL21 (DE3) Codon Plus RP (Stratagene), BL21 STAR (DE3), Rosetta pLysS (Novagen),
Rosetta pLysE (Novagen) for protein expression according to manufacturer’s protocols.
Subsequent to colony testing, the strongest expressers of certain constructs were identified
for large scale expression. Expression conditions were varied to optimize expression
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including temperature (12 ˚C to 37 ˚C), IPTG concentration (50 μM to 1 mM), induction
duration (hours to overnight), expression vectors, and cell lines. These are all described
further in the results section.

Expression of Dyrk 1B Constructs in Insect Cells
Large scale expression was carried out using Sf9 cells and High Five cells
(Invitrogen) in suspension cultures at 28° C with shaking (140 rpm) in the dark. Briefly,
inoculum cultures were grown until concentration of ~12x106 cells/mL, approximately 4
days in 125 mL of Sf900-II-SFM. Two hundred twenty five mL fresh media was inoculated
with 1:10 dilution of confluent cultures and grown overnight. The following day, HTVL
were used at 1:100 dilution to infect insect cells in culture. Cells were harvested after 3-5
days and centrifuged at 800 x g for 10 minutes. Supernatant was aspirated. Cells were
washed gently in PBS twice and the cell pellet was frozen at -80°C. Sf9 cells required
Sf900-IISFM, while High Five cells required Express Five SFM (supplemented with
glutamine). High Five cells were the generous gift from Dr. Scott Laster.

Purification of Dyrk 1B Constructs
Protein purification was carried out as previously described. Protein purification
from insect cells proceeded as for purification from E. coli with lysis buffer supplemented
with 1% IgepalCA-630 (Sigma).
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Western Blotting
Proteins were run on a 12.5% SDS-PAGE and electrophoretically transferred using a
MiniTrans Blot Cell (Biorad) and nitrocellulose (Schleicher and Schuell) according to
manufacturer’s instructions. Blots were blocked overnight at 4°C by immersion in 5% nonfat milk (Carnation), 0.1% Tween-20 in PBS. After rinsing, membranes were incubated for
60 minutes in 6xHis murine monoclonal antibody (BD Biosciences Clontech) diluted
1:20,000, washed, and incubated in anti-mouse Ig-horseradish peroxidase linked whole
antibody from sheep (Amersham) diluted 1:5000. After washing, blots were developed using
enhanced chemiluminscence (ECL Plus WB reagents, Amersham).
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RESULTS

Expression and Purification of 20 Dyrk 1B Constructs from E. coli and Insect Cells
TDFL, TDNK1/2, and TDKD1/2 were cloned with a TEV site in frame with the gene.
TDNK1/2 and TDKD1/2 were generated by comparing sequences of Dyrk 1A and ERK2 to
Dyrk 1B (Figure 15 A). C-terminus #1 was based on the alignment with Dyrk 1A, ERK2,
and Dyrk 1B (Figure 15 B). C-terminus #2 was determined by alignment of ERK2 and Dyrk
1B only. The amino terminus of TDKD3 was based on an alignment with Dyrk 1A while the
C-terminus was based on PEST analysis.
Low expression levels may be due to protein toxicity or instability. Constructs which
are more toxic exhibit lower transformation efficiencies, as was seen with the Dyrk 1B
constructs. To address this possibility, LB supplemented with 1% glucose was used to
reduce basal expression levels (i.e. to prevent leakiness), fresh transformants were used to
reduce the number of generations before induction (as opposed to frozen stocks), and the
cells BL21 (DE3) pLysE for high stringency expression and Rosetta (DE3) pLysS for
improved rare codon expression and high stringency. Hydrophobic regions in recombinant
proteins are also known to have toxic effects in expression cells likely because of association
with the membrane system. In order to improve protein stability, reduced expression
temperatures, reduced induction duration, purification with glycerol in purification buffers,
utilization of protease inhibitors, and protein handling at low temperatures (4˚C) were tested.
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A.

B.

Figure 15. Schematic representation of Dyrk 1B constructs.
A) Each construct includes a His(6) tag and a thrombin and/or TEV protease cleavage site
followed by the kinase constructs. The 2 kinase constructs tested for activity were TDKD1
and TDKD3. Note that TDKD3 C-terminus ends with residue 433, not 430. B) The
alignment used to determine the 2 C-termini for TDKD1 and TDKD2 are shown in the
sequence alignment. Representations are not drawn to scale.
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A number of other attempts were made in order to increase Dyrk 1B construct
expression and solubility. In addition to the cells tested above, BL21 (DE3) Codon Plus RP
was tested to improve rare codon expression and BL21 STAR (DE3) for increased protein
expression through increased mRNA stability. Co-expression with chaperone plasmids
(Thomas, Ayling et al. 1997) and substrates HNF-1α 1-280 or DCoH-HNF-1α 1-280 fusion
protein were also tested to look for improved expression or folding (solubility). Induction
temperatures ranging from 12˚C- 37˚C, IPTG concentrations ranging from 20 μM- 1mM,
varied induction duration, and induction of protein at optical densities (O.D.) ranging from
0.4 absorbance units (AU) -1.2 AU were tested. The above were used to vary protein
induction at different metabolic states of the expression hosts to affect protein solubility and
expression rate. Lower temperatures reduce expression levels but yield greater proportion of
soluble protein. Inducing at a higher cell density also increases protein yield. Also tested
were enriched media, such as super broth and terrific broth for higher cell densities, and
testing of colonies, and pooled transformations (as opposed to spreading on plate and
selecting a transformant) in an attempt to improve expression efficiency. Combinations of all
of the above were attempted for the 19 different Dyrk 1B constructs in various plasmids
including pET24bNHis, pGEX2T, and pCDF-Duet1 coexpression plasmid. pCDF Duet1 coexpression plasmid was originally to be used for co-expression of the Dyrk 1B constructs
with the upstream activator, MKK3b(E) but Dyrk 1B expression was poor even though the
upstream multiple cloning site (MCS) was utilized. The first MCS is optimal for poor
expressers, but this was not so for out construct. Improved expression and solubility was
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obtained by co-expressing Dyrk 1B constructs in pET24bNHis with DCoH-HNF-1α 1-280
and pG-KJE8 chaperone plasmid at moderate temperatures.
TDKD constructs showed better expression and solubility than TDNK constructs, so
TDKD1, the shorter of the 2 TDKD constructs, was pursued. Coexpression with chaperones
indicated increased solubility and enhanced expression of target protein with pG-KJE8 rather
than pG-FT2.
Protein expression in insect cells, Sf9 and High Five cells, were pursued to provide a
eukaryotic system for expression. Sf9 cells are derived from pupal ovarian tissue of
Spodoptera frugiperda (fall army worm). High Five cells originated from the ovarian cells of
Trichoplusia ni (cabbage looper). Expression levels are generally higher than in mammalian
systems, but lower than in bacterial systems. Target protein levels range from 0.05% - 50%
of the total protein content (approximately 20 mg per 107 cells). The theoretical maximum
yield is 10 μg – 10 mg per 107 cells. HTVL dilutions and time course assays were performed
to determine optimal conditions for insect cell expression. We cultured 2.2 million cells per
ml in 250 mL which equals 5.5 x 108 cells. This should yield approximately 20 μg - 20 mg
per culture. Improved expression was seen with High Five cells (data not shown), however,
because increased yields and cost efficiency of expressing in E. coli, the insect cell
expression system was temporarily put on hold until further progress with the E. coli
expression was made.
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Western Blotting Indicates Degradation of Kinase Constructs Due to PEST Domain
Immunoblotting was performed using enhanced chemiluminscence, a non-radioactive
method for detection of specific antigens using light emitting method. This was used to
detect Dyrk 1B constructs using anti-His antibodies because of the difficulty in detecting
protein via coomassie staining. Western blotting also revealed degradation of protein before
PEST removal despite use of protease inhibitors during purifications (Figure 16). Because of
the combination of degradation as seen via WB and the heterogeneous population seen by
mass spectrometric analysis of TDKD1 the TDKD3 construct was generated.
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Figure 16. Dyrk 1B constructs exhibit degradation as detected by western blotting using an anti-His antibody.
A) Lane 1) Marker, lane 2) TDKD1 from E. coli, lane 3) TDNK1 from E. coli. B) Lane 1) Marker, lanes 2-9)
TDNK1 days 1-8, lane 10-13) TDNK2 days 5-8. C) Lane 1) Marker, lanes 2-3) His-AL1 (days 4, 5), lanes 4-7)
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