
ABSTRACT 

WANG, DONGLI.  Selecting between the Enzymatic and Transcriptional Activities of 

DCoH Is Kinetically Regulated.  (Under the direction of Robert B. Rose.) 

 

Dimerization cofactor of HNF1 (DCoH), also known as pterin-4a-carbinolamine 

dehydratase (PCD), is a small, conserved protein with two distinct functions.  DCoH 

functions as a metabolic enzyme in the cytoplasm, and folds into a homotetramer.  In the 

nucleus a dimer of DCoH binds a dimer of hepatocyte nuclear factor 1 (HNF1), and functions 

as a transcriptional coactivator of HNF1.  Human DCoH has 2 isoforms, DCoH1 and 

DCoH2, which share 61% sequence identity and the same two functions.  The DCoH1 dimer 

adopts a similar structural fold as the DCoH2 dimer with a few amino acid differences at the 

tetramer interface.  The tetramer stability is quite different for the two isoforms.  In order to 

understand how DCoH fulfills its two different functions, our lab is investigating the relative 

stabilities of the DCoH homotetramers and DCoH-HNF1 heterotetramers.   

Previous folding studies of DCoH1 showed unfolding requires much higher guanidine 

hydrochloride (GdnHCl) concentrations than refolding, however, the unfolding of DCoH2 is 

reversible.  When the T51 residue at the tetramer interface of DCoH1 is mutated to S51 as in 

DCoH2, the unfolding of DCoH1 becomes reversible.  Structural studies showed that the 

serine residues at the tetramer interface of DCoH1 T51S are hydrogen bonded with a trapped 

water molecule in the hydrophobic interface, as in the DCoH2 protein.  It was proposed that 

residue 51 and the water molecule are responsible for the stability difference of DCoH 

isoforms.  

To confirm the importance of residue 51 in stabilizing the DCoH homotetramer, we 

generated the DCoH2 S51T mutation. We show that DCoH2 S51T unfolds at a much higher 



GdnHCl concentration than refolding, like DCoH1 T51.  The crystal structure of DCoH2 

S51T was determined and compared with the wild-type DCoH2 structure.  For the first time, 

the kinetic unfolding of DCoH2 and the DCoH2 S51T mutant was carried out by intrinsic 

tryptophan fluorescence and circular dichroism (CD).  Results from the two experimental 

methods show that the DCoH2 S51T is kinetically stable.  Folding and unfolding rates in 

aqueous solution were derived by fitting chevron plots.  The unfolding half time for DCoH2 

S51T is 30 million years, and for wild-type DCoH2 is only 20 hours.  Kinetic stability of the 

DCoH1 homoteramer is interpreted in terms of the interface solvation model. 

This dissertation further investigates the folding pathway of DCoH proteins and 

demonstrates that the wild-type DCoH1 homotetramer is kinetically, not thermodynamically, 

stable.  At the same time, our experimental results provide a good example of folding studies 

of oligomeric proteins.  In the future we will use the measurements of DCoH homotetramer 

stability to understand the mechanism of DCoH-HNF1 complex formation, and the 

regulation of HNF1.   
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A. DCoH proteins 

Dimerization cofactor of HNF1 (DCoH), also known as pterin-4a-carbinolamine 

dehydratase (PCD), is a small, conserved protein with two distinct functions.  DCoH 

functions as a metabolic enzyme in the cytoplasm [1-2], and folds into a homotetramer.  

Deficiency of human DCoH is related to the metabolic problems of hyperphenylalaninemia 

(HPA) and vitiligo [3-5].  On the other hand, DCoH functions as a coactivator in the nucleus, 

binding to a hepatocyte nuclear factor 1 (HNF1) dimer.  In the nucleus a dimer of DCoH 

binds a dimer of HNF1 [6].  Mutations of HNF1 correspond to maturity-onset diabetes of the 

young (MODY).  The two functions of DCoH are thought to be independent. 

Human DCoH has 2 isoforms, DCoH1 and DCoH2, which share 61% sequence 

identity and certain biochemical properties.  As shown in Figure 1, the protein sequence is 

highly conserved, with the human PCD is identical to that of the rate protein, and the mouse 

one with one amino acid different [2, 6].  The DCoH1 dimer adopts a similar structural fold 

as the DCoH2 dimer with a few amino acid differences at the tetramer interface [7].  The 

expression patterns of the two DCoH isoforms differ: DCoH1 is more highly expressed in 

liver [8] and DCoH2 is expressed in muscle [9] and colon cancer [10].  The tetramer stability 

is quite different for the two isoforms [7, 11-12].  In order to understand how DCoH fulfills 

its two different functions, we are studying the relative stabilities of the DCoH 

homotetramers and DCoH-HNF1 heterotetramers. 

A1. DCoH in the cytoplasm  

The PCD activity of DCoH is located in the cytoplasm and requires the tetramer of 

four identical subunits of 104 amino acids.  In the discussion of the cytoplasmic function of 
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DCoH, PCD is used to emphasize the dehydratase activity of the protein.  PCD was initially 

discovered as phenylalanine hydroxylase stimulator protein (PHS) in the rat liver, and then 

was proved to catalyze the conversion to quinoid dihydrobiopterin (q-BH2) in the 

phenylalanine hydroxylation system [13-14].  The distribution of PCD is broad in 

mammalian tissues, such as liver, kidney, and a few brain tissues [15].  PCD is involved in 

the enzymatic cycle of regenerating tetrahydrobiopterin (BH4), as illustrated in Figure 2.  

BH4 is an essential cofactor in the hydroxylation of aromatic amino acids and is initially 

oxidized to 4a-hydroxy-tetrahydrobiopterin (4a-OH-BH4) during the process.  4a-OH-BH4 is 

then converted to q-BH2 under the dehydration catalyzed by PCD.  At the last step, the 

regeneration of BH4 from q-BH2 is catalyzed by dihydropteridine reductase (DHPR) in the 

NADH-dependent reaction.   

The regeneration of BH4 plays a critical role in phenylalanine metabolism by 

providing the reduced cofactor and preventing the accumulation of 7-substituted biopterin (7-

BH4) and its derivatives.  7-BH4 is an inhibitory isomeric form of BH4 generated by the 

nonenzymatic dehydration of 4a-OH-BH4.  When PCD is absent in the liver cell, dehydration 

of 4a-OH-BH4 proceeds at a slower reaction rate and produces 7-BH4 through a spiro 

structure intermediate [16-17].  A mild form of HPA with high levels of 7-BH4 in the urine is 

caused by the deficiency of PCD.  The disease only affects newborns elevating phenylalanine 

levels, which normalize in a few months after birth [3-4, 18-20].  The low activity of PCD is 

also detected in the skin pigmentation disorder vitiligo with the accumulation of 7-BH4, but 

no HPA occurs at the same time.  Nevertheless, the role of PCD in the development of 

vitiligo is not confirmed [5, 21].   
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A2. DCoH in the nucleus 

The dehydratase PCD was shown to have the same amino acid sequence as DCoH, 

the transcriptional coactivator [1-2].  As the dimerization cofactor, DCoH was originally 

copurified with the transcriptional factor HNF1-α from rat liver nuclear extracts in a 2:2 

complex [6].  DCoH stabilizes the HNF1-α dimer through the dimerization domain of HNF1-

α, and enhances HNF1-α-controled transcription in vivo without binding to DNA by itself.  

The HNF1 homeoprotein subfamily consists of HNF1-α and HNF1-β, both of which 

are transcription factors that are highly conserved among vertebrates.  HNF1 proteins 

regulate tissue-specific genes predominantly in liver, and also in kidney, intestine, pancreas, 

and other organs [22-24].  As shown in Figure 3, HNF1-α and HNF1-β are close homologues 

that contain four functional protein domains.  The 32-residue dimerization domain at the N-

terminus is required for HNF1 proteins to form homo- or heterodimers to regulate gene 

transcription.  The dimerization domain of HNF1 also interacts with its coactivator DCoH, 

stimulating the activity of HNF1.  HNF1 dimers recognize their target DNAs through the 

DNA binding domain, which includes the POU A domain and the POU homeobox domain.  

The two domains are both essential elements for specific DNA binding of HNF1, and the 

dimerization domain increases the binding affinity [6, 25-27].  Most POU-homeodomain 

proteins do not have a dimerization but dimerize on DNA (see for example [28]).  HNF1-α 

and HNF1-β share the similar dimerization and DNA binding domains, but have distinct 

transactivation domains at the C-terminus which allows the two homologues to exhibit 

different biological functions [29].  HNF1-β is expressed earlier in gut, liver and kidney 
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organ development than HNF1-α [30].  Deletion of HNF1-β is lethal in mice, while deletion 

of HNF1-α results in diabetes among other symptoms (reviewed in [31]).  

Mutations in HNF1 proteins in human have been linked to MODY, a monogenic form 

of diabetes.  MODY is an autosomal dominant inherited disease, which usually manifests 

before the age of 25 years and characterized by ineffective insulin production or secretion 

from pancreatic β cells.  MODY is estimated to account for about 2-5% of the diabetic 

population and includes 6 subgroups.  MODY3 is responsible for most cases of MODY, with 

a population of 21-64% among MODY patients [32-34].  Mutations in the HNF1-α encoding 

gene are related to MODY3, and those in the HNF1-β gene are associated with the rare 

MODY5 subgroup [35-37].  More than 120 mutations have been mapped through the HNF1-

α gene, including missense, nonsense, frameshift and splice-site mutations (reviewed in 

[38]).  These MODY mutations are localized in all different domains of HNF1-α, including 

three substitutions in the dimerization domain.  The mechanism by which HNF1 mutations 

can cause MODY is not quite clear yet.  MODY3 is thought to be caused by 

haploinsufficiency of HNF1-α since mutations in the promoter have been identified that 

prevent expression of the mutant allele [39].  HNF1-α regulates the insulin gene [40].  But 

MODY primarily affects insulin secretion [41].  HNF1-α regulates the promoters of other 

transcription factors, particularly HNF4, another MODY gene [42].  HNF1-α also regulates 

other β cell factors like GLUT2, and mitochondrial genes important for insulin secretion 

[43]. 

Unlike other homeodomain proteins, HNF1 has to dimerize by the N-terminal 

dimerization domain to bind to DNA to modulate expression of tissue-specific genes.  As the 
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first-identified coactivator of homeoproteins, DCoH interacts with HNF1 in a 2:2 tetramer 

complex through the dimerization domain of HNF1 [6].  DCoH presents no direct 

transcriptional regulation activity itself, but enhances the HNF1 transcriptional activity by 

stabilizing the DCoH-HNF1 complex via a protein-protein interaction.  Experiments have 

shown that DCoH prevents HNF1 from exchanging subunits of homo- or heterodimers in 

vitro, and increases the denaturing temperature of the DCoH-HNF1 tetramer compared to the 

HNF1 dimer alone [6, 44-45].  DCoH also regulates the HNF1 binding properties to nucleic 

acids, though DCoH shows no binding affinity to DNA or RNA.  More recent experiments 

have shown that DCoH improves stability of the HNF1-DNA complex and impacts the DNA 

binding specificity of HNF1 [46].    

A3. Are the two functions of DCoH related? 

Interestingly, it has been shown that DCoH is involved in the BH4 regeneration cycle 

not only by its PCD activity, but also by activating gene transcription of phenylalanine 

hydroxylase (PAH) in the presence of HNF1 [47].  PAH utilizes BH4, as one of the aromatic 

amino acid hydroxylases shown in Figure 2.  DCoH itself shows no effect on the PAH gene 

transcription and HNF1 transactivates PAH expression in a dose-dependent way.  DCoH and 

HNF1 are coexpressed in liver and kidney, which is consistent with the fact that DCoH 

enhances transcriptional regulation of the tissue-specific, HNF1-regulated genes [47-48].   

However, no relationship has been well clarified between the PCD activity and the 

transcriptional coactivator function of DCoH.  First, formation of the DCoH-HNF1 tetramer 

has no effect on the PCD activity of DCoH, which has one active site available in each 

monomer [45].  Then, single-substitution mutants of DCoH that are deficient in PCD activity 
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are able to interact with HNF1 to perform transcriptional coactivation as well as the DCoH 

wild-type protein [49].   

A4. Other possible functions of DCoH 

DCoH may have functions other than the dual functions of PCD and HNF1 

coactivator.  For example, PhhB, the prokaryotic homologue of DCoH, may have a 

regulatory activity in the absence of HNF1 [50].  Additionally, DCoH has been detected in an 

earlier stage than HNF1 in the development of vertebrate embryos and restricted in the cell 

nuclei of the vertebrate egg, both of which suggest an alternative regulatory function of 

DCoH [48, 51].  DCoH is also expressed in the eyes (pigmented epithelium) and the brains 

(ependym cells) of the rate embryos, where HNF1 is not present [48].  It is possible that 

DCoH itself is able to interact with other transcriptional regulators and enhance their 

activities.  Crystal structures have shown that the DCoH homodimer forms a saddle-shaped 

surface which provides a possible binding site for molecular partners other than HNF1 [52-

54].  Detailed results from structural studies of DCoH complexes are discussed in the section 

below. 

Furthermore, two separate groups have shown that DCoH is related to cancerogenesis 

[10, 55].  First, unlike that of HNF1, expression of DCoH is not detectable in normal human 

colon, but abundant in human colon cancer.  Secondly, DCoH is overexpressed in primary 

human melanoma lesions as well.  In both situations, HNF1 is not present in the specific cells 

and DCoH is proposed to have other regulatory activities.  At the same time, different 

expression levels of DCoH in cancer and normal cells may provide a potential biomarker for 

pathological use. 
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A5. Structures of DCoH complexes 

A few crystal structures of DCoH complexes have been determined independently, 

including structures of the DCoH homotetramer by itself [52-53] and bound to a q-BH2 

analog [56], and the structure of a DCoH-HNF1 heterotetramer [57] composed of a DCoH 

dimer and a dimer of the HNF1 dimerization domain.  In all structures, the DCoH monomer, 

which contains 104 amino acids, forms a compact α/β sandwich structure of three α helices 

on one side against four β strands on the other, as illustrated in Figure 4.  The α helices are 

aligned parallel with the antiparallel β sheets, with a topology of α1-β1-β2-α2-β3-β4-α3.  The 

overall structure of the DCoH dimer, which is the common unit in different tetramers, is 

conserved and provides the same binding interface in the homotetramer and DCoH-HNF1 

heterotetramer structures (Figure 5).  As a result the two complexes are mutually exclusive.  

To perform the dehydratase activity, DCoH folds into a tetramer with four identical 

subunits of the protein.  Shown as the structure of a DCoH homotetramer in Figure 5A, it is 

clear that the complex is a dimer of two dimers.  Each DCoH dimer forms an eight-stranded 

β sheet adopting a “saddle” conformation.  In the DCoH homotetramer, one pair of a DCoH 

dimer is rotated by about 90 degrees relative to the other dimer of the tetramer [45, 52-53].  

The two dimers interact with each other through the tetramer interface of a four-helix bundle 

composed of the α2 helices of the four DCoH subunits.   

A crystal structure of the DCoH homotetramer bound with a q-BH2 analog has been 

solved and compared to the free enzyme [56].  Binding of 7,8-dihydrobiopterin (7,8-BH2) 

induces very little conformational change of the overall DCoH structure.  Each molecule of 

7,8-BH2 binds to one subunit of the DCoH tetramer at the active center, a cleft near the β 
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sheet on the edge of the “saddle”.  The binding site of the product analog was confirmed by 

mutating the conserved residues at the active center of the DCoH monomer, such as H62 and 

H63.   

As illustrated in Figure 5B, the crystal structure of the DCoH-HNF1 heterotetramer 

shows a HNF-p1 (a peptide of the 32 amino acid dimerization domain) dimer interacts with a 

DCoH dimer through the same DCoH binding interface that mediates the formation of the 

DCoH homotetramer [57].  The HNF1-p1 dimer, arranged in a four-helix bundle, forms a 

hydrophobic core with the binding surface of the DCoH dimer.  The helices of the HNF1 

dimer domain in the interface are positioned parallel to the DCoH helices, opposite the 

direction of the helices in the HNF1 homotetramer which are anti-parallel [57-58].  At the 

same time, the HNF-p1 dimer shows a similar fold in the free HNF-p1 dimer and the DCoH-

HNF-p1 tetramer, with minor conformational changes.  

A6. DCoH isoforms 

Patients with mutations in DCoH develop symptoms of transient HPA reflecting 

deficiency in the PCD activity of DCoH, but no symptoms associated with the loss of 

transcriptional activity of HNF1 [3].  DCoH knockout mice showed mild glucose-intolerance 

with some cataract formation, however HNF1 null mice were diabetic [8].  The fact that the 

DCoH knockouts did not show symptoms associated with HNF1 deficiency led to the 

discovery of the DCoH homolog, DCoH2.  DCoH is now also referred to as DCoH1.  

DCoH2 (also called DCoHα or DCoHm) has been identified as an isoform of DCoH1 in 

mice, chickens and humans [9, 59].  DCoH1 null mice showed no PCD activity in the 
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cytoplasm of liver and kidney, but detectable DCoH2 expression in the nuclear extracts, 

where HNF1 was present [8]. 

As shown in Figure 6, human DCoH2 shares 61% sequence identity with human 

DCoH1, and 88% identity to mouse DCoH2.  DCoH1 and DCoH2 have similar functions and 

structures.  Experiments have shown that DCoH1 and DCoH2 have similar PCD activities, 

which is consistent with the fact that conserved residues are identified at the active site of the 

two enzyme isoforms [7, 60].  In fact, the enzymatic activity of DCoH2 has been proposed to 

account for the mild HPA symptoms caused by DCoH1 deficiency.  At the same time 

DCoH2 can bind to HNF1 in vitro and stimulate the transcription activity of HNF1 in cell 

culture by stabilizing the HNF1 dimer.  The main functional difference between DCoH1 and 

DCoH2 identified so far is the difference in stability of the homotetramer [7].  The DCoH1 

homotetramer appears to be much more stable than the DCoH2 homotetramer.  The tetramer 

interface consists of a 4-helix bundle composed of helix α2 from each monomer (Figure 5). 

The crystal structure of DCoH2 has been determined and compared with the DCoH1 

structure [7].  Over all, both DCoH dimers share the same structural fold (rmsd of Cα atoms 

of 0.61 Å) with little difference at the binding interface of DCoH tetramers, as shown in 

Figure 7A.  As compared in Figure 6, DCoH1 and DCoH2 have two amino acids different on 

the α2 helix.  The α2 helices of DCoH1 and DCoH2 have been compared to determine why 

the DCoH1 homotetramer is so much more stable [7, 11-12].  In addition to two amino acid 

differences at residue 51 (Thr in DCoH1, Ser in DCoH2) and residue 45 (Arg in DCoH1, Gln 

in DCoH2), the DCoH2 structure has a water molecule buried in the hydrophobic core of the 

tetramer interface, hydrogen bonded to the Ser 51 residue in each DCoH2 monomer.  A 



 

11 

DCoH2 dimer is shown in Figure 7B, with S51 residues presented in stick representation 

hydrogen bonded to the water molecule.  On the other hand, the DCoH1 complex, which 

contains T51 on the α2 helix in each monomer, shows no water molecules buried at the 

binding interface.  It has been proposed that the presence of the water molecule contributes to 

the decreased stability of the DCoH2 homotetramer [12].  

The difference in the stability of the two DCoH tetramers affects the HNF1 binding 

properties of DCoH1 and DCoH2.  DCoH1 is found as a hyperstable tetramer even at a very 

low concentration.  The DCoH1 tetramer is quite stable under high temperatures 

(unpublished), and only high-concentrated guanidine hydrochloride (GdnHCl) can unfold the 

complex [12].  However, DCoH2 is only found as a tetramer at high concentrations [60], and 

is easy to denature at lower concentrations of GdnHCl [12].  In vitro experiments have shown 

that DCoH2 can interact with HNF1 binding to DNA simply upon mixing, and DCoH1 only 

binds to HNF1 when coexpressed or denatured in the presence of HNF1 [6-7].   

The expression profiles of DCoH1 and DCoH2 differ.  In human liver, the 

concentration of DCoH1 is estimated at 4 µM [61-62], much higher than that of DCoH2 [8].  

It has been proposed that DCoH2 is present predominantly as dimers in the cellular 

environment, and DCoH1 mainly as tetramers [60]. 

B. Protein folding 

Protein folding has been of great interest in the area of structural biochemistry.  Both 

thermodynamic and kinetic stability of a protein are often used to characterize its structural 

features and relate the structure to its biological function.  Folding of monomeric proteins has 

provided basic understanding of the principles of protein folding.  More folding studies have 
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recently focused on oligmeric proteins, especially dimeric proteins.  Both equilibrium and 

kinetic folding methods have been applied to understand the stability of the DCoH 

homotetramer in vitro using chemical denaturants.  The experimental data have been fit to 

folding models by computational programs to provide evidence for stability and the folding 

mechanism. 

B1. Protein folding and conformational stability 

Most proteins are functional folded, though recent studies provide evidence for the 

function of unfolded domains [63].  The amino acid sequence of a protein determines its 

native conformation, which is the dominant form of the protein under physiological 

conditions.  It was originally hypothesized that the native configuration of a protein 

corresponds to the lowest Gibbs free energy of the whole system [64], as shown in Figure 

8A.  Compared to the traditional thermodynamic hypothesis of protein folding, some proteins 

are kinetically stable.  As shown in Figure 8B, it is possible that the native state of a protein 

is only at a local energy minimum, not the global energy minimum.  The most stable 

conformation of a protein might be kinetically unreachable during protein folding because of 

the high free-energy barriers that separate different energy minima.  Under kinetic control, 

the native configuration of the protein is determined by its initial state [64].  If the native 

state of a protein is thermodynamically stable, then the population of conformations in the 

folded state is in equilibrium with the unfolded state of the protein.  On the other hand, many 

proteins are kinetically stable because they have exhibited extremely slow unfolding or 

folding kinetics and do not reach thermodynamic equilibrium in physiologically relevant 
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times [64-66].  An indication of kinetic stability is that the folding and unfolding curves do 

not overlap after a reasonable time, such as three days or even a week. 

Several examples of kinetically stable proteins have been identified.  α-lytic protease 

(αLP) was one of the first kinetically stable proteins to be characterized [67-68].  αLP is a 

bacterial protein secreted from the cell.  Because the protein functions in harsh conditions, 

the unfolded protein may aggregate or be cleaved or modified.  In this case, thermodynamic 

stability alone is not sufficient, since under equilibrium conditions the protein will spend 

some fraction of the time unfolded.  Kinetic stability, on the other hand, can maintain the 

protein function during the biologically-relevant time scale [66].  Other examples of 

kinetically stable proteins are capsid protein SHP [69] and lipase [70]. 

Compared to thermodynamic stability, kinetic stability is much more sensitive to 

disruption from mutations [66, 71].  The thermodynamic stability of a protein is 

characterized by Tm, the temperature in which half of the protein is unfolded, or Cm, the 

concentration of denaturant in which half of the protein is unfolded.  The unfolding free-

energy change of a protein is generally linear with respect to denaturant concentration, and 

can be extrapolated to zero denaturant to find the free energy of folding in the absence of 

denaturant [72].  The core of folded proteins are generally closely packed, but mutagenesis 

studies have shown that proteins are flexible enough to tolerate most point mutations with 

only small changes in the overall stability of the protein (in the Tm or Cm values) [73].  The 

kinetic rates of folding or unfolding are typically fit to exponential changes as a function of 

time, with the rate constant, k, as the exponent [74].  The -RT ln k is typically proportional to 

the change in denaturant concentration (similar to -RT ln K = ΔG is proportional to 
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denaturant concentration under equilibrium conditions).  Mutational effects can significantly 

change the unfolding and folding rates [66, 71]. 

Mutations that affect the rate of protein folding or unfolding contribute to diseases 

associated with misfolded proteins [66].  One example is phenylketoenuria (PKU).   PKU is a 

metabolic disease resulting from mutations in PAH which involve in protein misfolding and 

decrease the kinetic stability of the protein.  Misfolding diseases like PKU may be treated by 

a new therapeutic approach, with the use of “pharmacological chaperones” [66, 75].  The 

structure-directed chaperones are usually small molecules, which can stabilize the native 

state of the target protein and/or assist the folding toward the native protein from other 

nonfunctional forms.  PAH can be stabilized by high concentrations of BH4, a substrate of 

PAH. 

B2. Folding of dimeric proteins 

Folding studies originally focused on monomeric proteins, because of their small 

sizes and structural simplicity.  Small protein domains usually fold cooperatively between a 

folded and unfolded state [76-77].  Still unanswered questions remain, particularly how to 

model the unfolded state, and the extent of variation in the folding pathway [78].  However, 

the percentage of monomeric proteins is only 19% among all proteins in Escherichia Coli, 

and even lower in higher organisms [79-80].  Most proteins are composed of multisubunits to 

fulfill their biological functions.  Among oligomeric proteins, homodimers constitute the 

most common group, with about 38% of all proteins in Escherichia Coli.  Therefore, more 

recent studies have focused on folding of oligomeric proteins, particularly homodimeric 

proteins. 
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The folding of dimeric proteins exhibits a range of mechanisms.  The folding of 

small-size dimeric proteins (less than 100 amino acids in each monomer) mainly follows the 

simplest two-state pathway, which only involves the native dimer and the unfolded 

monomers [79].  Conversely, it is common that the folding of larger sized dimers occurs 

through more complicated mechanisms and forms different monomeric or dimeric 

intermediates.  General folding principles of monomeric proteins apply to dimeric proteins, 

except the association of subunits in the dimer is concentration dependent [81].  Small 

dimeric proteins can also fold with a three- or more-state kinetic mechanism with monomeric 

or dimeric intermediates [79]. 

It has been proposed that proteins with similar topologies fold with similar pathways 

[82].  Conserved proteins that share similar overall conformational folds can still have 

different rate limiting steps.  For example, the leucine zipper domains with varied amino acid 

sequences show different folding kinetics [83].  The different features of dimer interfaces 

contribute to the variation of the folding mechanisms among related dimeric proteins.  Due to 

inherent difficulties in the interface assembling, the more complex the protein interface is, 

the more complex folding pathway occurs for the protein [79, 84].  One example is the 13 

kDa protein p13
suc1

 [85-86].  There are more intermediates in the folding of the domain-

swapped dimeric p13
suc1

 than in the folding of the monomic protein.  

The stability of the dimer interface relative to the stability of the monomers will affect 

whether dimerization contributes to the rate limiting step of folding, and the folding 

mechanism [87].  Oligomeric interfaces often resemble O-ring structures, with “hot spot” 

core residues (residues with large contributions to the stability of the interaction) surrounded 



 

16 

by energetically less important residues that sequester the core residues from water [88-89].  

The core residues often contribute hydrophobic interactions (often Trp, Tyr or Arg) 

surrounded by partially buried charged or hydrophilic residues.  Hot spots are identified 

through mutagenesis studies, particularly alanine scanning, mutating interface residues to 

alanine [90].  Interfaces are typically thought of in thermodynamic terms.  The kinetics of 

unfolding is more difficult to characterize.  In the current study we describe an interface “hot 

spot” that dramatically affects the kinetics of protein unfolding. 

B3. Practical approaches 

The protein stability and folding mechanism are usually examined by in vitro 

denaturation experiments using denaturants such as temperature, GdnHCl and urea.  A folded 

protein in its native state is usually sufficiently stable under physiological conditions that 

only a small fraction is unfolded.  Denaturants increase the concentration of the unfolded 

state, which can be monitored by different experimental methods.  For example, both 

thermodynamic and kinetic properties of protein folding can be monitored by intrinsic 

probes, such as fluorescence emission and circular dichroism (CD) [81].   The fluorescence 

approach is widely used because of its high sensitivity, even for samples of low protein 

concentrations.  Trp produces the largest signal from intrinsic fluorescence, followed by Phe 

and Tyr.  CD in the “far-UV” wavelengths (190-250 nm) measures changes in secondary 

structure, providing complementary information to validate results from fluorescence 

emission.  

Equilibrium unfolding experiments require verification that the protein sample has 

reached equilibrium [81].  For verification the protein is diluted to varying concentrations of 
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denaturant starting from the folded or unfolded state.  The unfolded sample is initially 

incubated in a high concentration of denaturant overnight, and verified to be completely 

unfolded by, for example CD.  The protein has reached equilibrium when the unfolding and 

refolding samples reach the same fraction folded.  The slowest folded rate occurs at the 

unfolding midpoint, so once that is known it can be used to determine the longest time 

required to reach equilibrium [81].  If the equilibrium folding of a protein is reversible, the 

folding curves can be used to calculate the folding free-energy change.  Folding 

intermediates are sometimes apparent in the equilibrium unfolding curves if an intermediate 

population accumulates.  However, if hysteresis occurs in the denaturation experiments, no 

folding equilibrium will be achieved during relevant time-scale.  Hysteresis can represent 

aggregation, or off-pathway folding pathways, or slow folding events such as proline 

isomerization [91-92].  Hysteresis can also result from high unfolding barriers due to kinetic 

stability [66]. 

Kinetic folding experiments monitor signal changes over time [81].  Unfolding and 

refolding rates can be measured.  For rapid unfolding kinetics, stopped-flow instruments can 

measure folding rates on the millisecond to minute time-scale.  If the unfolding or refolding 

process is very slow, a single hand-mixing method can be applied to measure spectroscopic 

signals at a range of time points.  Results from kinetic studies can be plotted and then fit to 

exponentials by curve fitting programs such as IGOR Pro (WaveMetrics), Excel (Microsoft), 

and KaleidaGraph (Synergy Software).  Kinetic folding results can be used to analyze the 

folding mechanism of the protein, and to map out the folding pathway.  Information obtained 
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through the kinetic folding of the protein can be used to describe folding intermediates 

undetected in the equilibrium folding. 

C. Project aims 

In order to characterize the difference in stability of the two isoforms of DCoH, 

DCoH1 and DCoH2, our group has been studying the folding of DCoH proteins.  The 

DCoH1 homotetramer is very stable, and was not able to be unfolded with urea [12].  

Unfolding studies of DCoH1 in GdnHCl showed hysteresis: the unfolding of DCoH1 

requires a much higher concentration of GdnHCl than the refolding of denatured DCoH1.  

However, the unfolding of DCoH2 is reversible, with a lower unfolding midpoint in GdnHCl 

than DCoH1 unfolding.  When the T51 residue at the tetramer interface of DCoH1 is mutated 

to S51 as in DCoH2, the unfolding of DCoH1 becomes reversible.  The crystal structure of 

DCoH1 T51S has been solved and compared with the wild-type DCoH1 structure.  The 

serine residues on the tetramer interface of DCoH1 T51S are hydrogen bonded with a trapped 

water molecule in the hydrophobic interface, as in the DCoH2 protein [7].  It was proposed 

that the water molecule reduces the stability of the DCoH1 homotetramer and eliminates the 

hysteresis [12].   

To continue our work, the project discussed in this dissertation has two specific aims.   

Aim 1: Verify the importance of residue Thr 51 in the tetramer interface for 

stabilizing the DCoH1 homotetramer by introducing the S51T mutation into DCoH2.  

Equilibrium unfolding and refolding of DCoH2 S51T with GdnHCl examined by intrinsic 

tryptophan fluorescence confirmed that Thr 51 was sufficient to introduce hysteresis to 
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DCoH2.  The crystal structure of DCoH2 S51T was determined and compared with the wild-

type DCoH2 structure.   

Aim 2: Demonstrate that the unfolding hysteresis results from the kinetic stability of 

the DCoH homotetramer with Thr 51.  For the first time, the kinetic unfolding of DCoH2 and 

the DCoH2 S51T mutant was carried out by fluorescence and CD.  Results from the two 

experimental methods show that the DCoH2 S51T is kinetically stable.  Folding and 

unfolding rates in the aqueous solution were derived by fitting chevron plots.   

This dissertation work further investigates the folding pathway of DCoH proteins and 

provides new information about the kinetic stability of the DCoH1 homotetramer.  At the 

same time, our experimental results provide a good example of folding studies of oligomeric 

proteins.  It will also help understand the mechanism of DCoH-HNF1 complex formation, 

and the regulation of HNF1.  DCoH may contribute to disease associated with HNF1 such as 

MODY. 
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FIGURES 

 
 

Figure 1.  Sequence alignment of DCoH/PCD proteins.  DCoH/PCD is a conserved protein 

with 104 amino acids.  The human DCoH/PCD is identical to the rat one, with one amino 

acid (residue 28 as outlined in red) different from the mouse protein.  All protein sequences 

are collected from the Protein database of National Center for Biotechnology Information 

(NCBI). 
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Figure 2.  The PCD activity of DCoH in the cycle of tetrahydrobiopterin (BH4) regeneration.  

Modified from Scheme 1 in [62].  BH4 is an essential cofactor in the metabolism of the 

aromatic amino acids.  DCoH is involved in the 2-step cycle of regenerating BH4 by playing 

the role of dehydratase, which converts 4a-hydroxy-tetrahydrobiopterin (4a-OH-BH4) to 

quinoid dihydrobiopterin (q-BH2). 
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Figure 3.  Schematic structures of HNF1-α and HNF1-β.  The N-terminal dimerization 

domain (red) of HNF1 proteins is composed of 32 amino acids and involved in the 

dimerization of HNF1 homodimers and heterodimers, and also the formation of DCoH-

HNF1 tetramers.  The POU A domain (blue) and the homeobox domain (green) together are 

called the DNA binding domain, which is required for the specific DNA recognition of 

HNF1 dimers.  The transactivation domain (yellow) of HNF1 is located at the C-terminus of 

the proteins. 
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Figure 4.  Structure of the DCoH monomer.  The sandwich structure of DCoH monomer, 

shown in cartoon, is composed of three α-helices (cyan) against a four stranded β-sheet 

(purple).  The helices and strands are labeled in the order from the N-terminus to the C-

terminus of the protein.  Chain G from the PDB file 1DCO is used in the model, which is 

generated by PyMOL (The PyMOL Molecular Graphics System, Version 0.99rc6, 

Schrödinger, LLC.). 
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Figure 5.  Structures of DCoH complexes.  A: DCoH homotetramer (lemon) is composed of 

a pair of DCoH dimers.  The model is generated in cartoon by chain ABCD of the PDB file 

1DCO.  B: DCoH-HNF1 heterotetramer is made of a DCoH dimer (cyan) and a dimer of the 

HNF1 dimerization domain (HNF-p1, purple).  The model is built in cartoon by chain ABEF 

of the PDB file 1F93.  Each monomer of both DCoH complexes in A and B is labeled with 

N- and C-terminus, unless the terminus is blocked.  C: DCoH tetramers share the same 

binding interface of the DCoH dimer, which is structurally conserved and shown by the 

alignment of the two complexes in A and B.  All models are generated by PyMOL. 
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Figure 6.  Sequence alignment of DCoH1 and DCoH2 proteins.  Human DCoH1 and DCoH2 

proteins share a 61% sequence identity, and mouse DCoH2 is 88% identical to human 

DCoH2.  The residues on the α2 helix of the tetramer interface are underlined, showing 2 

amino acids difference in DCoH isoforms: R45 and T51 in DCoH1 (red), whereas Q45 and 

S51 in DCoH2.  All protein sequences are collected from the Protein database of NCBI. 
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Figure 7.  Structures of DCoH1 and DCoH2 dimers.  A: DCoH1 and DCoH2 dimers (cartoon 

representation) share a same structural fold, shown by the alignment of the two complexes.  

The DCoH1 dimer (lemon) is built by chain AB of the PDB file 1DCO, and the DCoH2 

dimer (cyan) is made by chain AB of the PDB file 1RU0.  The sequence difference at 

residues 45 and 51 at the tetramer interface are labeled and presented in stick format.  B: A 

water molecule (orange sphere) is buried at the binding interface of the DCoH2 dimer (cyan) 

and hydrogen-bonded with S51 residues (stick representation) on the α2 helices.  The 

DCoH2 dimer (chain AB of the PDB file 1RU0) is displayed in cartoon format.  All models 

are generated by PyMOL. 
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Figure 8.  Thermodynamic and kinetic controls of protein folding.  The one dimensional 

curves present the free energy surfaces of a hypothetical protein.  Modified from Figure 1 in 

[64].  A: Under thermodynamic control, there is only one global energy minimum for the 

protein, which can be reached from anywhere during folding and called the native state of the 

protein.  Therefore, the native protein has only one structural configuration.  B: Under kinetic 

control, however, there are more energy minima.  Whether the protein can reach the global 

minimum depends on the initial state of the protein.  Therefore, there are more possible 

conformations for the same protein.   
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A. Crystallization of DCoH2 S51T 

Wild-type DCoH1 T51 is more resistant to unfolding than the point mutant DCoH1 

T51S [1].  To investigate the basis for stability of DCoH1 T51, we generated the DCoH2 

S51T mutation to determine the effect of this mutation on the stability of the DCoH2 

homotetramer.  The structure of DCoH2 S51T was compared with the wild-type DCoH2 

structure [2].  Data were collected at the Southeast Regional Collaborative Access Team 

(SER-CAT).  Data from one crystal of DCoH2 S51T, which diffracted to a resolution of 1.36 

Å, was processed and used for structure determination. 

A1. Cloning and protein purification 

Mouse DCoH2 subcloned into the pGEX-2T vector (Pharmacia) was obtained from 

the Rose lab [1-2].  The DCoH2 S51T mutant was generated by substituting the TCC codon 

for Ser 51 with the ACC codon for Thr, following the PCR-based mutagenesis protocol for 

the Phusion
®
 High-Fidelity DNA Polymerase (for mutagenesis protocol, see 

http://www.finnzymes.com/pdf/phusion_mutagenesis_datasheet_f541_1_3_low.pdf , 

Finnzymes).  The forward primer used in the PCR reaction was A GCA GAG AAG ATG 

AAT CAC CAC CCG GAA TG, and the reverse primer was TG CAG GGC AAC CCT GGT 

CAT AAA GCC AAA C, with the mutated codon underlined.  Both DNA oligos were 

synthesized by IDT
®
 DNA with a 5’ phosphate.  

The mouse DCoH2 S51T pGEX-2T was overexpressed in Escherichia Coli strain 

BL21 (Novagen) as a fusion protein with Glutathione S-Transferase (GST) at the N-

terminus.  Escherichia Coli cells were grown at 37 °C to O.D.600 at 0.6~0.9, and then induced 

with 350 µM isopropyl-β-D-thiogalactopyranoside (IPTG, Gold Biotechnology
®

) at 37 °C 

http://www.finnzymes.com/pdf/phusion_mutagenesis_datasheet_f541_1_3_low.pdf
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for 5 hours.  Cell pellets were collected by centrifugation at 4 °C, followed by freezing at -80 

°C for at least 24 hours before protein purification.  Protein purification was monitored by 

SDS-PAGE NEXT gels (Proteomics Grade, 12.5%, AMRESCO
®
) stained by Coomassie 

Brilliant Blue (Pierce). 

To purify the protein, frozen cell pellets were thawed on ice and resuspended in a 

prechilled lysis buffer: 10 mM HEPES-Na (pH 7.5), 300 mM NaCl, and 5 mM dithiothreitol 

(DTT, Gold Biotechnology
®

).  Resuspended cells were lysed on ice by sonication: 10 repeats 

of one minute sonication followed by a cooling cycle.  After sonication the cell debris was 

separated from the supernatant by centrifugation of the lysate.  The supernatant was then 

incubated with 10 ml Glutathione Sepharose 4 Fast Flow resin (GE Healthcare) for each liter 

of Escherichia Coli cell culture by rocking in batch at 4 °C for over 21 hours.  After washing 

the unbound impurities off the Glutathione Sepharose resin with the lysis buffer, the bound 

GST-tagged DCoH2 S51T protein was incubated with thrombin (MP Biomedicals) at 4 °C 

for over 22 hours, with the estimated concentration of 1 unit thrombin per mg of the fusion 

protein.  The thrombin-cleaved DCoH2 S51T protein was eluted and incubated with some 

fresh Glutathione Sepharose 4 Fast Flow resin again at 4 °C for over 21 hours to bind the 

uncut GST-fused protein.  Because the cleaved GST was slow to rebind to glutathione beads, 

the elution containing DCoH2 S51T was collected and applied to fresh Glutathione 

Sepharose resin again, followed by another overnight incubation at 4 °C.      

After rebinding the sample to Glutathione Sepharose 4 Fast Flow resin three times, 

the DCoH2 S51T protein sample was concentrated to 10~20 mg/ml in the Amicon 

Centrifugal Filter Unit (3kDa MWCO, EMD Millipore) by low-speed centrifugation at 4 °C.  
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The protein concentration was measured by Bradford (Bio-Rad Protein Assay Dye Reagent 

Concentrate, Bio-Rad) using albumin (Thermo Scientific) as a standard.  The concentrated 

protein sample was then purified with the gel filtration column Superdex 75 10/300 GL (GE 

Healthcare) with the maximum load of 0.5 ml of protein solution for each load.  The highest 

peak from gel filtration was collected from each of ten runs and combined in the same tube.  

The pooled DCoH2 S51T protein sample had a molecular weight close to 44 kDa, compared 

with gel filtration standards: Gel Filtration Calibration Kits (Low Molecular Weight, GE 

Healthcare).  The molecular weight is consistent with formation of a tetramer of 12 kDa 

DCoH monomers. 

The purified DCoH2 S51T protein sample was again incubated with some fresh 

Glutathione Sepharose 4 Fast Flow resin at 4 °C for over 21 hours to remove any remaining 

GST.  This purification step was repeated before the final DCoH2 S51T protein sample was 

concentrated to 12.85 mg/ml by centrifugation at 4 °C.  At this stage, the protein 

concentration was accurately determined by UV absorbance with the calculated extinction 

coefficient of 19480 M
-1

cm
-1

 [3-4].  The final DCoH2 S51T solution with a purity of over 

90%, as determined by SDS-PAGE gels, was stored at 4 °C for protein crystallization, in the 

lysis buffer.  

A2. Protein crystallization and structure determination 

Crystallization conditions of DCoH2 S51T (12.85 mg/ml) were initially screened 

with Crystal Screen 1
TM

 (Hampton Research) by sitting drop crystallization at 18 °C, with 1 

µl of the protein solution mixed with 1 µl of the reservoir solution.  A few conditions 

produced protein crystals immediately after setup or in a few days, such as condition #9, #36, 
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and #39.  Crystallization conditions were optimized by varying pHs of buffer solutions, types 

of precipitants or salt solutions, concentrations of precipitants or salt solutions, and volume 

ratios of the sample and the reservoir solution.  Both sitting drop and microbatch 

crystallization with Al’s Oil (Hampton Research) were carried out at both 4 °C and 18 °C.  

Eventually, as listed in Table 1, many conditions produced large, single, diamond-shaped 

DCoH2 S51T crystals in very clear backgrounds at 18 °C.  The protein crystal used to 

determine the DCoH2 S51T structure was grown in 0.1 M Tris buffer (pH 7.5), and 8% 

polyethylene glycol 8,000 (PEG 8,000, Hampton Research) at 18 °C, with 0.5 µl of the 

DCoH2 S51T protein solution mixed with 1 µl of the reservoir solution in a sitting drop. 

For data collection 33 single DCoH2 S51T crystals were mounted on loops (Hampton 

Research), and briefly soaked in the cryoprotectant solutions, which were the same as the 

crystallization conditions of each crystal, with either 20% or 30% PEG 400 (Hampton 

Research) added.  The protein crystals were flash frozen and stored in liquid nitrogen 

(Machine & Welding Supply Company), and then shipped to SER-CAT for data collection.  

Diffraction data for 15 crystals were collected by remote control of the SER-CAT beamline 

22-BM on the MarCCD detector from the departmental crystallography facility, and 

processed with the SER-GUI programs.  Most data were collected with one degree 

oscillations and an exposure time of 1 second/frame for 180 frames.  The crystal to detector 

distance was 120 mm.  The highest resolution was less than 1.56 Å for all datasets, with the 

best crystals diffracting to 1.36 Å.  HKL-2000 (for Mar 225 CCD detector, HKL Research 

Inc.) was used to process the X-ray diffraction data on the local computer.   
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Initial phases were determined by molecular replacement using the 1.6 Å wild-type 

DCoH2 structure (PDB ID: 1RU0) as a search model [2].  The search model consisted of a 

DCoH2 dimer with the Ser 51 residue replaced by Ala and all water molecules removed.  

Molecular replacement was carried out by the CCP4 program phaser [5].  Other CCP4 

programs used included scalepack2mtz and mattews_coef [6-7].  The structural model was 

further refined with PHENIX [8] combined with manual building using Coot [9] for 15 

cycles to achieve the final R-factor and R-free.  PHENIX protocols used for refinement 

included rigid body refinement, refinement of individual atomic coordinates, refinement of 

individual atomic B-factors (also called refinement of atomic displacement parameters or 

ADP refinement), refinement of ADP through TLS parameters (also named TLS refinement; 

T = translation,  L = libration, and S = screw-motion), and combined automatic ordered 

solvent building, update and refinement. 

B. Folding studies of DCoH2 proteins 

Mouse DCoH2 C82S and DCoH2 S51TC82S proteins were cloned and expressed in 

Escherichia Coli.  Both DCoH2 mutant proteins were purified to more than 95% purity, and 

then concentrated and stored at 4 °C as stock samples for protein folding studies.  

Equilibrium unfolding and refolding of DCoH2 mutants by GdnHCl were monitored by 

intrinsic tryptophan fluorescence.  Kinetic unfolding of both DCoH2 proteins was examined 

by both fluorescence emission and CD.  Results from kinetic studies were fit with IGOR Pro 

and plotted with Excel.   Chevron plots were fit as previously described [10]. 
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B1. Cloning and protein purification 

To avoid the complicated purification process to remove GST from DCoH2 from the 

pGEX-2T vector, as described in Section A1, the mouse DCoH2 S51T mutant was subcloned 

into a pET-24b vector (Novagen) modified with the 6X His tag at the N-terminus of the 

recombinant protein.  The DCoH2 S51T insert was amplified by PCR and inserted in the 

pET-24b vector double-digested with BamHI and EcoRI restriction endonucleases (New 

England Biolabs).  The His-DCoH2 S51T protein was isolated through a batch purification 

method using the HIS-Select Nickel
®
 Affinity Gel (Sigma), according to the procedure 

described in the technical bulletin.  The purification process was simpler than with the pGEX 

vector and the final protein sample reached a higher purity of over 95%.  However, Cys 82 

formed disulfide bonds, even in the presence of reducing reagents (β-mercaptoethanol (BME, 

MP Biomedicals), DTT, and tris(2-carboxyethyl)phosphine (TCEP, Hampton Research) 

tested) during the purification procedure. 

The mouse DCoH2 C82S mutant was generated to prevent the disulfide bonds and 

was treated as the wild-type DCoH2 protein in the folding studies.  The DCoH2 C82S mutant 

was made from the DCoH2 pET-24b plasmid, by substituting the TGT codon for Cys 82 with 

the TCT codon for Ser through the PCR-based mutagenesis using the Phusion
®
 High-Fidelity 

DNA Polymerase.  The forward primer had the sequence of ACC TCG CAT GAC TCT 

GGC GGC CTG ACC AAG, with the mutated codon underlined, and the reverse primer had 

the sequence of GAG GGT TAT CTG GAC TTT GTT GTA GAC GTT GAA.  Similarly, the 

DCoH2 S51TC82S mutant was generated by replacing the TCC codon for Ser 51 with the 

ACC codon for Thr in the DCoH2 C82S pET-24b plasmid, using the same PCR primers as 
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listed in Section A1.  The DCoH2 S51TC82S protein was used to as the substitute of the 

DCoH2 S51T mutant in folding experiments.  All DNA primers were synthesized by IDT
®
 

DNA.  

The mouse DCoH2 C82S and DCoH2 S51TC82S in the pET-24b vector shared the 

same protocol for protein expression and purification.  Purification of DCoH2 C82S 

proceeded as following: the mouse DCoH2 C82S pET-24b was overexpressed in Escherichia 

Coli strain BL21 Star
TM

 (DE3) (Invitrogen
TM

) as a recombinant protein with the 6X His tag 

at the N-terminus.  Escherichia Coli cells were grown at 37 °C to O.D.600 at 0.6~0.9, and 

then induced with 0.5 mM IPTG at 37 °C for 5 hours.  Cell pellets were collected and frozen 

for protein purification, which was visualized by SDS-PAGE NEXT gels.  

Frozen cell pellets were lysed on ice as described in Section A1, in a prechilled lysis 

buffer: 1X PBS (140 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, and 1.8 mM KH2PO4, pH 

7.3), 300 mM NaCl, and 10 mM imidazole (Alfa Aesar).  The protein-containing supernatant 

was then applied to nickel beads for protein purification at 4 °C, using the HIS-Select 

Nickel
®
 Affinity Gel by following the batch method.  The His-DCoH2 C82S protein eluted 

from the nickel beads was further purified by a 3-step dialysis at 4 °C, with the dialysis 

buffer containing 1X PBS (pH 7.3), and 300 mM NaCl.  The 6X His tag was cleaved off the 

recombinant protein by incubating the dialyzed protein solution with thrombin at 4 °C for 2 

days or longer.  5 units of thrombin were used for each mg of the tagged protein to ensure the 

complete cleavage.  The 6X His tag was eventually removed from the protein sample by 

dialysis or low-speed centrifugation at 4 °C in the Amicon Centrifugal Filter Unit (3kDa 

MWCO).  The purified DCoH2 C82S protein was concentrated to 2 mM, which was 
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determined by UV absorbance with the extinction coefficient of 19480 M
-1

cm
-1

 [3-4].  SDS-

PAGE gels were used to confirm the protein purity, which was over 95%.  The final protein 

stock was stored at 4 °C for the folding experiments, in the same buffer of 1X PBS (pH 7.3), 

and 300 mM NaCl. 

B2. Equilibrium folding studies by fluorescence 

Equilibrium folding of DCoH2 mutant proteins was monitored by GdnHCl-induced 

denaturation through intrinsic tryptophan fluorescence using a PTI C-61 spectrofluorometer 

(Photon Technology International, Birmingham, NJ).  There are three Trp residues and one 

Tyr in each DCoH2 monomer.  However, for DCoH2 proteins, excitation at 280 nm 

produced the same emission profiles as excitation at 295 nm (not shown).  Therefore, 

fluorescence signals of DCoH2 unfolding/refolding samples were dominated by the Trp 

residues, and excitation at 280 nm was used in all folding studies for DCoH2 proteins.  At 

room temperature (25 °C), unfolding/refolding samples were usually scanned at the emission 

wavelength of 330 nm for 30 seconds, and then scanned from 300 nm to 400 nm with the rate 

of 1 nm/s.   

DCoH2 protein stocks were diluted in 1X PBS (pH 7.3), and incubated with or 

without GdnHCl in 2 ml low-retention microcentrifuge tubes (Fisher Scientific) to minimize 

protein loss.  The GdnHCl concentration was confirmed by refractive index with a 

refractometer (Fisher Scientific).  The protein concentration was measured by UV 

absorbance with the extinction coefficient of 19480 M
-1

cm
-1

, based on the molarity of 

DCoH2 monomers [3-4].  Distilled deionized water (ddH2O) was used to replace protein for 

baseline control samples, which were also set up for each unfolding/refolding condition.  The 
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fluorescence signal difference between the protein sample and the baseline sample at each 

GdnHCl concentration was used in data analysis as the absolute fluorescence signal for each 

DCoH2 sample.  The averaged emission scan or the average emission wavelength (AEW) 

was plotted as a function of the GdnHCl concentration in equilibrium folding studies.  The 

AEW was calculated by the equation: 

 

where Ii is the absolute fluorescence signal at the wavelength of λi.   

Equilibrium unfolding of DCoH2 C82S was measured to validate the C82S mutation.  

Diluted DCoH2 C82S protein samples or baseline control samples were incubated with 0~6.5 

M GdnHCl at room temperature for over 20 hours.  The volume of each unfolding reaction 

was 1 ml and the final concentration of DCoH2 C82S was 1.6 µM.  Plots of the averaged 

emission scan and the AEW showed the same unfolding curve after data normalization (not 

shown).  The unfolding was similar to wild-type DCoH2, confirming that the DCoH2 C82S 

mutant conserved the unfolding properties of DCoH2 [1].  After overnight incubation, 

DCoH2 C82S was completely unfolded in reactions with 4.0~6.5 M GdnHCl.  The midpoint 

of the unfolding curve was around 1.8 M GdnHCl.   

For both unfolding and refolding experiments of the DCoH2 S51TC82S mutant, three 

protein concentrations (1.6 µM, 4.8 µM, and 16 µM) were examined for fluorescence 

emission.  All folding reactions were set up in triplicate to obtain averaged results. For 

unfolding experiments, the DCoH2 S51TC82S protein stock was first diluted to 20 µM, 60 

µM, and 200 µM, and stored at 4 °C overnight.  1 ml unfolding reactions were prepared with 
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the final protein concentration of 1.6 µM, 4.8 µM, and 16 µM.  The samples were diluted to a 

series of GdnHCl concentrations (0~6.5 M), with more samples set up for the transition state.  

All unfolding reactions were incubated at room temperature for over 20 hours before 

fluorescence measurements.  The refolding experiments of DCoH2 S51TC82S followed a 

similar protocol.  Diluted protein samples were first completely unfolded by incubating them 

at 6.5 M GdnHCl at room temperature for over 20 hours.  The GdnHCl concentrations were 

then diluted to 0.5~6.5 M to refold the protein in different reaction tubes, which were also 

incubated at room temperature for over 20 hours.  Fluorescence signals were measured for 

both protein samples and baseline control samples.  The AEW folding results of DCoH2 

S51TC82S were plotted as a function of GdnHCl concentration with Excel. 

B3. Kinetic unfolding studies by fluorescence 

Unfolding kinetics of DCoH2 induced by GdnHCl was examined by intrinsic 

tryptophan fluorescence using the PTI C-61 spectrofluorometer.  Excitation at 280 nm was 

used in kinetic unfolding studies of DCoH2 proteins.  At each time point, unfolding samples 

were scanned at the emission wavelength of 330 nm for 30 seconds, and then scanned from 

300 nm to 400 nm with the rate of 1 nm/s.   

For kinetic unfolding experiments, DCoH2 protein stocks were diluted to 1.6 µM in 

1X PBS (pH 7.3).  Unfolding reactions were started by adding calculated volumes of 

GdnHCl to unfold the protein.  A large final volume of the unfolding reaction was mixed.  At 

each time point, a 0.9~1 ml sample was removed from the unfolded protein solution for the 

measurement of fluorescence emission.  Each sample was discarded after the measurement to 

avoid damage from the fluorometer.  Data were collected more frequently at the beginning of 
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the protein unfolding, and less frequently for the later period of unfolding when the unfolding 

rate was slower.  Baseline control samples incubated with GdnHCl were set up with ddH2O 

instead of DCoH2, and measured for fluorescence emission at selected time points as well.  

Preliminary tests showed that 4.0 M GdnHCl unfolded DCoH2 C82S completely after an 

overnight incubation.  However, unfolding of DCoH2 S51TC82S required more concentrated 

GdnHCl and a longer incubation time.  Unfolding times were determined based on the 

variation between the kinetic unfolding properties of the two DCoH2 proteins. 

  For kinetic unfolding of DCoH2 C82S, 32 ml of the unfolding samples were 

prepared with the final concentrations of GdnHCl at 1.4 M, 1.6 M, 1.8 M, 2.0 M, 3.0 M, and 

4.0 M, respectively.  Fluorescence signals were measured at 13 time points during the first 6 

hours after GdnHCl was added to the diluted protein solution.  18 additional time points were 

taken for the remainder of the 24-hour measurements of fluorescence emission.  2 ml 

baseline control samples were prepared for each concentration of GdnHCl and monitored for 

fluorescence at time zero and 24 hours.  For kinetic unfolding of DCoH2 S51TC82S, 40 ml 

of the unfolding samples were prepared with the final concentrations of GdnHCl at 4.0 M, 

4.5 M, 5.0 M, 5.5 M, 6.0 M, and 6.5 M, respectively.  The fluorescence emission was 

measured at 21~24 time points during the first 24 hours after GdnHCl was added to the 

diluted DCoH2 S51TC82S solution.  18~19 additional points were chosen for the next 9 days 

to measure fluorescence signals.  10 ml baseline control samples were prepared for each 

concentration of GdnHCl and monitored for fluorescence every day during the experiments.  

Unfolding profiles for both DCoH2 proteins were plotted by AEW over time using Excel.  

Kinetic data were fit with IGOR Pro as described in Section B5. 
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B4. Kinetic unfolding studies by CD 

Kinetic unfolding of DCoH2 proteins was also monitored by CD using a PiStar 

spectrophotometer (Applied Photophysics, Surrey, UK) at the working wavelength of 225 

nm over time.  Both DCoH2 C82S and DCoH2 S51TC82S protein stocks were diluted to the 

concentration of 1.6 µM in 1X PBS (pH 7.3), and incubated with selected concentrations of 

GdnHCl at room temperature.  The experimental protocols were modified based on the 

varied unfolding properties of the two DCoH2 proteins.  2 ml unfolding samples were 

prepared for DCoH2 C82S with the GdnHCl concentrations at 2.0 M, 3.0 M, and 4.0 M.  

Unfolding of DCoH2 C82S was monitored for 24 hours with 1,000 time points recorded.  10 

ml unfolding stock reactions were prepared for DCoH2 S51TC82S with the GdnHCl 

concentrations at 5.0 M, 5.5M, and 6.0 M.  Unfolding of DCoH2 S51TC82S was measured 

for 2 or 3 days with 2,000 or 3,000 time points.  For the DCoH2 S51TC82S measurements, 

samples were measured continuously for 24 hours and replaced by fresh samples from the 

stock reactions.  It was important that all unfolding samples were sealed in the quartz cuvette 

to prevent sample evaporation during the CD measurements.  CD results of both DCoH2 

proteins were plotted over time with Excel.  CD unfolding data were also fit with IGOR Pro 

as described in Section B5. 

B5. Data fitting with IGOR Pro 

IGOR Pro was used to process kinetic unfolding results of DCoH2 C82S and DCoH2 

S51TC82S from both fluorescence and CD experiments.  The data were fit to single and 

double exponential equations.  Residual files of fitting results from the two equations were 

compared and used to select between the single and double exponential models.  Kinetic 
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unfolding rates were extracted from the exponents of the best fit curves.  Data for the 

chevron plots were fit with IGOR Pro to the equation: 

 

where kobs is the observed rate for the folding reaction, kUN is the rate constant for refolding 

and kNU is the rate constant for unfolding, and mU-TS and mN-TS refer to the change in solvent 

accessibility between the unfolded state (U) relative to the rate-limiting transition state (TS), 

and the native state (N) relative to the transition state, respectively [10].  R is the gas 

constant, and T is the temperature.  The constant value of RT was calculated as 592.13 

cal/mol for the kinetic unfolding at 25 °C.  The kinetic data and fits were exported to Excel to 

remake figures. 
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TABLES 

Table 1.  Crystallization conditions for DCoH2 S51T.  At 18 °C, the listed conditions 

produced large, single, diamond-shaped crystals, which diffracted to 1.56 Å resolution or 

higher.  All buffers were 0.1 M concentration.  Both PEG 8,000 and PEG 4,000 (Hampton 

Research) stock solutions were 50% (w/v solution).  2-Propanol (Hampton Research) and 

glycerol (Fisher Scientific) were commercially available, with the original concentrations of 

100% (solution). 

 

 Buffer pH [Glycerol] (v/v) [PEG 8,000] (w/v) 

Group 1 6.5, 7.5, 8.5 0%, 5%, 10%, 15% 8% 

Group 2 7.5, 8.0, 8.5 0%, 5%, 10%, 15% 6%, 8% 

 

 Buffer pH [Glycerol] (v/v) [PEG 4,000] (w/v) 

Group 3 7.5, 8.0, 8.5 10% 10% 

 

 Buffer pH [2-Propanol] (v/v) [PEG 4,000] (w/v) 

Group 4 7.5 5%, 10% 0%, 5%, 10% 
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A. Structure determination of DCoH2 S51T 

To further investigate the role of residue 51 in determining the stability of the DCoH 

homotetramer, we determined the structure of the DCoH2 S51T mutant.  Wild-type DCoH1 

has a Thr at residue 51, and wild-type DCoH2 has a Ser at residue 51.  Ser 51 of DCoH2 

hydrogen bonded with an ordered water molecule at the homotetramer interface, which was 

interpreted as contributing to the decreased stability of the DCoH2 homotetramer [1].  In a 

previous study the DCoH1 T51S mutation was shown to destabilize the homotetramer.  The 

ordered water molecule was present in the tetramer interface of DCoH1 T51S.  In the current 

study we investigate whether the S51T mutation in DCoH2 is sufficient to stabilize the 

homotetramer.  We report the crystal structure of DCoH2 S51T.  Surprisingly there was some 

electron density for the water molecule in the homotetramer interface of DCoH2 S51T. 

A1. Crystallization of DCoH2 S51T 

The mouse DCoH2 S51T protein was cloned and purified as described in Materials 

and Methods.  The final protein sample (Figure 1) was concentrated to 12.85 mg/ml with a 

purity of 90%, and crystallized under various conditions.  The protein crystal used for 

structure determination was grown in 0.1 M Tris buffer (pH 7.5), and 8% PEG 8,000 at 18 

°C, with 0.5 µl of the DCoH2 S51T protein solution mixed with 1 µl of the reservoir solution 

in a sitting drop.  As photographed in Figure 2, most DCoH2 S51T crystals grew into the 

sizes of 150 to 200 microns within a few days.  

Crystallization data were collected remotely to 1.36 Å at SER-CAT and indexed in 

space group P3121 on a local computer (data collection statistics listed in Table 1).  The 

space group and unit cell dimensions indicated the crystal packing of DCoH2 S51T was 
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almost identical to that of wild-type DCoH2 (PDB ID: 1RU0), with minor difference for the 

unit cell values [2].  The asymmetric unit contained a DCoH dimer.  The final 1.36 Å 

resolution DCoH2 S51T model consisted of a homodimer of DCoH2 S51T and included 100 

amino acids for one monomer (chain A) and 98 amino acids for the other one (chain B), and 

214 water molecules.  The final R-factor and R-free values were 15.79% and 17.46%, 

respectively.  

A2. Structural comparison of DCoH2 proteins 

The DCoH2 S51T structure was aligned and compared with the model of wild-type 

DCoH2 (PDB ID: 1RU0).  As shown in Figure 3A, the overall conformation of the DCoH2 

S51T dimer was highly conserved with that of the wild-type DCoH2 dimer.  Four Ser 

residues are located in the center of the DCoH2 tetramer interface, one from each of the 

DCoH2 monomers.  The central water molecule in wild-type DCoH2 has an occupancy of 1 

(Figure 3B) [2].  The water was not identified in the tetramer of DCoH1, which contained 

threonines at residue 51 instead of serines.  Unexpectedly in the DCoH2 S51T structure there 

was some electron density for a water molecule in the center of the hydrophobic tetramer 

interface forming hydrogen bonds to the Thr 51 residues (Figure 3C).  The hydrogen bond 

lengths were around 3 Å.  The electron density for the central water molecule was less than 

expected for a well ordered water molecule.   

Intrinsic tryptophan fluorescence was used to monitor both the equilibrium folding 

and kinetic unfolding of DCoH2 proteins.  There were three tryptophan residues in the 

DCoH2 or DCoH2 S51T monomer.  When aligned with the wild-type DCoH2 structure, the 
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tryptophan residues of DCoH2 S51T preserved the identical conformations as in the DCoH2 

structure. 

B. Folding studies of DCoH2 proteins 

Intrinsic tryptophan fluorescence was used to monitor both equilibrium folding and 

kinetic unfolding of DCoH2 proteins denatured by GdnHCl.  As an alternative method, the 

unfolding kinetics of DCoH2 C82S and DCoH2 S51TC82S was measured by CD.  The C82S 

mutation was introduced to wild-type DCoH2 and DCoH2 S51T to prevent disulfide bond 

formation.  It was confirmed that the C82S mutation had no effects on folding properties of 

DCoH2 proteins.  The unfolding and refolding of DCoH2 S51T showed hysteresis, like the 

wild-type DCoH1 protein [1].  Both fluorescence emission and CD showed similar results for 

kinetic unfolding experiments.  The kinetic unfolding experiments showed that the unfolding 

rate of DCoH2 S51T was much slower than wild-type DCoH2.  Therefore the hysteresis 

apparent in the equilibrium experiments could be explained by the kinetic stability of the 

DCoH2 S51T homotetramer.  The refolding rate constants remained very close for both 

DCoH2 proteins.  

B1. Equilibrium folding of DCoH2 proteins by fluorescence 

DCoH2 was completely unfolded by 4.0 M GdnHCl after overnight incubation at 

room temperature.  The unfolding and refolding profiles of DCoH2 overlapped confirming 

that wild-type DCoH2 reached equilibrium after incubation overnight [1].   The unfolding 

and refolding of DCoH2 C82S was also reversible and presented a similar folding profile as 

the wild-type DCoH2 protein (data not shown).  Therefore, the C82S mutation had no effects 

on folding of DCoH2 proteins.  DCoH2 C82S was used for kinetic unfolding studies of 
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DCoH2, and DCoH2 S51TC82S replaced DCoH2 S51T in both equilibrium and kinetic 

folding experiments.  Both DCoH2 C82S and DCoH2 S51TC82S proteins were cloned and 

purified as described in Materials and Methods.  Figure 4 showed that both protein stocks 

were over 95% pure.  To avoid confusion, the C82S mutation will be omitted for DCoH2 

proteins in Results and Discussion.  In another word, DCoH2 C82S will be referred to as 

wild-type DCoH2 and DCOH2 S51TC82S as DCoH2 S51T hereafter.   

The unfolding and refolding of DCoH2 S51T were examined in detail by intrinsic 

tryptophan fluorescence.  As shown in Figure 5, DCoH2 S51T samples at different protein 

concentrations (1.6 µM, 4.8 µM, and 16 µM) were only unfolded completely when incubated 

with 6.5 M GdnHCl for over 20 hours.  Unlike DCoH2, the unfolding and refolding of 

DCoH2 S51T was not reversible.  The unfolding of DCoH2 S51T was independent of protein 

concentration, with the midpoint at around 5.8 M GdnHCl after 20 hours of incubation.  On 

the other hand, refolding of DCoH2 S51T was concentration dependent, with the midpoint 

for refolding varying from 1.95 M to 2.25 M.   

B2. Kinetic unfolding of DCoH2 proteins by fluorescence 

The unfolding of DCoH2 (1.6 µM, in 1X PBS, pH 7.3) by various concentrations of 

GdnHCl (1.4 M, 1.6 M, 1.8 M, 2.0 M, 3.0 M, and 4.0 M) was monitored by intrinsic 

tryptophan fluorescence for 24 hours (Figure 6).  The overall unfolding curves were fit to 

single and double exponential equations with IGOR Pro.  The residuals of the fits indicated 

that single exponentials fit as well as double exponentials (Figure 7).  4.0 M GdnHCl 

unfolded DCoH2 completely within 24 hours as shown previously.  At low GdnHCl 

concentrations, such as 1.4 M and 1.6 M, DCoH2 was only 30% unfolded or less after the 
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24-hour incubation.  To fit the exponential, more time points were collected during the first 6 

hours of the protein unfolding and fewer time points were collected towards the end of the 24 

hours.  Figure 6B shows the exponential curves fit the data well during the first 10 hours of 

unfolding.  The fitting coefficient values are listed in Table 2. 

To unfold completely, DCoH2 S51T required higher concentrations of GdnHCl and 

longer incubation times than wild-type DCoH2.  Based on preliminary experiments, DCoH2 

S51T (1.6 µM, in 1X PBS, pH 7.3) was unfolded by GdnHCl at high concentrations of 4.0 

M, 4.5 M, 5.0 M, 5.5 M, 6.0 M, and 6.5 M.  Fluorescence signals of unfolding samples were 

measured for 10 days, with more data points collected during the first day of GdnHCl 

incubation (Figure 8).  In Figure 8B the kinetic unfolding data are expanded to Day 1 and 

Day 2.  In summary, GdnHCl at 6.5 M and 6.0 M unfolded DCoH2 S51T completely within 

the first 2 days.  More than 9 days were needed to reach the complete unfolding of DCoH2 

S51T when incubated with 5.5 M GdnHCl.  Protein samples were partially unfolded with 

GdnHCl at lower concentrations after the 10-day incubation. 

The overall kinetic unfolding profiles were fit to single and double exponential 

equations with IGOR Pro.  Residuals from both fittings were compared in Figure 9.  The 

unfolding data at 6.5 M, and maybe 6.0 M GdnHCl, fit well to a single exponential equation.  

Below 6.0 M GdnHCl the unfolding data could not be fit to a single exponential but required 

a double exponential for fitting.  The unfolding rate constants are listed in Table 2. 

B3. Kinetic unfolding of DCoH2 proteins by CD 

Unfolding measurements by intrinsic tryptophan fluorescence were compared with 

measurements by CD.  The unfolding of DCoH2 (1.6 µM, in 1X PBS, pH 7.3) induced by 
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GdnHCl (2.0 M, 3.0 M, and 4.0 M) was recorded for 24 hours by CD and fit to single 

exponential equations with IGOR Pro, as shown in Figure 10A.  Residuals from both single 

and double exponential fittings were compared in Figure 11.  In agreement with the 

fluorescence unfolding measurements, the CD measurements fit well to a single exponential 

equation.  Table 2 lists the rate constants and amplitudes for the fits to the CD experiments.  

The rate constants measured by fluorescence and CD agree with each other. 

The unfolding of DCoH2 S51T (1.6 µM, in 1X PBS, pH 7.3) induced by GdnHCl at 

concentrations of 5.0 M, 5.5 M, and 6.0 M was monitored for 2 or 3 days by CD.  Data fit 

well to single exponential equations, rather than double exponential equations in fluorescence 

emission experiments (Figure 10B).  The residuals of both single and double exponential 

equation confirmed that the CD data fit to the single exponential equation (Figure 12).  

Unfolding of DCoH2 S51T at 5.0 M GdnHCl was clearly two phases as measured by 

fluorescence and one phase as measured by CD.  From Table 2, unfolding rates (k) 

determined by CD were very close to the first rates (k1) from fluorescence results.  Therefore 

it appears that the fast rate constant measured by fluorescence (described by k2) is due to 

local conformational changes in the Trp environment and not a global unfolding event. 

B4. Unfolding rates comparison 

The observed unfolding rates of DCoH2 and DCoH2 S51T obtained from both 

fluorescence and CD were plotted as a function of the concentration of GdnHCl in Figure 13.  

The unfolding rates of DCoH2 and the first unfolding rates of DCoH2 S51T from 

fluorescence experiments were fit to a two-state kinetic equation described by the chevron 

plot.  As shown in Figure 13, the kinetic unfolding rates determined by fluorescence and CD 
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agreed and were well described by the chevron plot.  The slowest unfolding rate of DCoH2 

occurred at the GdnHCl concentration of 2.0 M, and that of DCoH2 S51T at the GdnHCl 

concentration around 4.6 M. 

Table 3 presents the rate constants and m-values for folding and unfolding of DCoH2 

and DCoH2 S51T.  The unfolding rate constant kNU of DCoH2 was much faster than that of 

DCoH2 S51T, with the values of 9.33 X 10
-6

 s
-1

 and 7.41 X 10
-16

 s
-1

, respectively.  The 

refolding rate constant kUN for DCoH2 and DCoH2 S51T were 1.90 s
-1

 and 6.05 s
-1

, 

respectively.  The very slow unfolding rate for DCoH2 S51T, which was induced by the 

single amino acid mutation of S51T in the DCoH2 protein, was responsible for the hysteresis 

in the unfolding of DCoH2 S51T. 
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TABLES 

Table 1.  Data collection and refinement statistics of DCoH2 S51T. 

 

data collection  

space group P3121 

cell dimensions  

a, b, c (Å) 57.73,  57.73,  115.06 

α, β, γ (deg) 90.00,  90.00,  120.00 

resolution (Å) 50.00-1.36  (1.38-1.36)
b
 

Rsym
a
 or Rmerge 0.059  (0.953) 

I/σI 58.11  (2.98) 

completeness (%) 97.8  (96.4) 

redundancy 10.7  (9.6) 

refinement  

resolution (Å) 1.36 

number of reflections 45081 

Rwork/Rfree (%) 15.79/17.46 

number of atoms   

protein 1554 

water 214 

B-factors (Å
2
)  

protein 19.99 

water 36.40 

rmsd  

bond lengths (Å) 0.006 

bond angles (deg) 1.045 

a
 Rsym = ∑|I−‹I›| / ∑‹I›.  

b
 Values in parentheses are for the 

highest resolution shell (1.38-1.36 Å). 
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Table 2.  Coefficient values of unfolding kinetic data fittings. 

 

[GdnHCl] 1.4 M 1.6 M 1.8 M 2.0 M 3.0 M 4.0 M 

 DCoH2 fluorescence (single exponential) 

y0 342.67 ± 0.05 344.65 ± 0.06 350.74 ± 0.2 352.32 ± 0.09 352.43 ± 0.06 352.49 ± 0.06 

A -0.61 ± 0.21 -2.62 ± 0.21 -8.60 ± 0.19 -10.92 ± 0.08 -11.50 ± 0.07 -12.15 ± 0.09 

k 2.54e-4 ± 1.66e-4 1.27e-4 ± 0.19e-4 3.47e-5 ± 0. 24e-5 2.89e-5 ± 0.06e-5 4.37e-5 ± 0.08e-5 5.50e-5 ± 0.10e-5 

 DCoH2 CD (single exponential) 

y0    -3.63 ± 0.02 -2.09 ± 0.02 -0.22 ± 0.01 

A    -13.85 ± 0.02 -14.61 ± 0.03 -17.67 ± 0.02 

k    3.43e-5 ± 0.01e-5 4.88e-5 ± 0.02e-5 5.89e-5 ± 0.01e-5 

 

[GdnHCl] 4.0 M 4.5 M 5.0 M 5.5 M 6.0 M 6.5 M 

 DCoH2 S51T fluorescence (double exponential) 

y0 350 ± 0.25 356.18 ± 1.2 359.47 ± 0.99 352.67 ± 0.06 352.52 ± 0.04 352.41 ± 0.03 

A1 -4.50 ± 0.22 -11.69 ± 1.1 -16.71 ± 0.89 -9.82 ± 0.08 -8.93 ± 0.30 -9.75 ± 9.52 

k1 2.15e-6 ± 0.26e-6 4.18e-7 ± 3.85e+6 5.24e-7 ± 4.25e+6 4.84e-6 ± 0.11e-6 3.15e-5 ± 0.20e-5 2.33e-4 ± 0.64e-4 

A2 -5.04 ± 0.10 -4.14 ± 0.52 -2.61 ± 0.45 -2.42 ± 0.09 -3.13 ± 0.29 -1.44 ± 9.48 

k2 1.94e-4 ± 0.10e-4 1.54e-4 ± 5.78e+3 1.27e-4 ± 3.65e+3 1.88e-4 ± 0.17e-4 3.26e-4 ± 0.44e-4 4.09e-4 ± 8.24e-4 

 DCoH2 S51T fluorescence (single exponential) 

y0     352.47 ± 0.09 352.41 ± 0.02 

A     -11.08 ± 0.15 -11.13 ± 0.07 

k     4.85e-5 ± 0.22e-5 2.49e-4 ± 0.03e-4 

 DCoH2 S51T CD (single exponential) 

y0   10.41 ± 11.6 -1.58 ± 0.02 -2.40 ± 0.00  

A   -31.03 ± 9.63 -17.97 ± 0.02 -17.63 ± 0.03  

k   1.52e-6 ± 4.02e+7 8.88e-6 ± 0.03e-6 5.99e-5 ± 0.01e-5  
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Table 3.  Folding kinetic statistics of DCoH2 proteins from fluorescence emission
a
. 

 

 DCoH2 DCoH2 S51T
b
 

mU-TS (cal∙mol
-1

∙M
-1

) 3.75e+3 ± 1.19e+3 2.20e+3 ± 277 

kUN (s
-1

) 1.90 ± 5.67 6.05 ± 11.9 

mN-TS (cal∙mol
-1

∙M
-1

) 274 ± 177 2.42e+3 ± 83 

kNU (s
-1

) 9.33e-6 ± 9.46e-6 7.41e-16 ± 6.05e-16 

chi-sq 0.172 0.041 

a
 Equation used: .  

b
 Constant values were calculated from the slow unfolding rates (k1) of DCoH2 

S51T listed in Table 2. 
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FIGURES 

                                   
 

Figure 1.  The DCoH2 S51T protein used for protein crystallization and structure 

determination.  The SDS-PAGE NEXT gel was stained by Coomassie Brilliant Blue to 

visualize the protein purity to ~90%.  Precision Plus Protein
TM

 Dual Color Standards (Bio-

Rad) were used to confirm the molecular size of the desired protein.  The picture was taken 

by scanning the SDS-PAGE gel with an Epson scanner. 
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Figure 2.  DCoH2 S51T protein crystals used for structure determination.  The protein 

crystals were grown in 0.1 M Tris buffer (pH 7.5), and 8% PEG 8,000 at 18 °C, with 0.5 µl 

of the DCoH2 S51T solution mixed with 1 µl of the reservoir solution in a sitting drop.  The 

picture was taken by a Canon PowerShot SD960 IS camera over the Leica S8AP0 

microscope.  The large unit of the ruler shown in the picture was equal to 0.25 mm. 
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Figure 3.  Structural comparison of DCoH2 S51T and wild-type DCoH2.  A: Structures of 

the DCoH2 dimer (PDB ID: 1RU0, lemon) and the DCoH2 S51T dimer (cyan) are aligned.  

Both protein models are displayed in cartoon representation with important residues stick 

representation, and the water molecules at the tetramer interface shown as sphere.  Both 

models are generated by PyMOL.  B: 2Fo-Fc map of the water molecule in the wild-type 

DCoH2 structure.  The water forms hydrogen bonds with OG atoms in the Ser 51 residues.  

C: 2Fo-Fc map of the water molecule in the resolved DCoH2 S51T structure.  The water 

forms hydrogen bonds with OG1 atoms in the Thr 51 residues.  Both electron density maps 

are contoured at 1 sigma.  The election density of the water molecule in wild-type DCoH2 is 

much greater than that of the water in DCoH2 S51T.  The figures are generated with Coot 

[3]. 
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Figure 4.  DCoH2 proteins used for folding studies.  The SDS-PAGE NEXT gel was stained 

by Coomassie Brilliant Blue to visualize the protein purity to over 95%.  Precision Plus 

Protein
TM

 Dual Color Standards were used to confirm the molecular weight of desired 

proteins.  The picture was taken by scanning the SDS-PAGE gel with a Bio-Rad imager, 

using Quantity One
®
 Analysis Software 4.2.2 (Bio-Rad). 
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Figure 5.  Unfolding of DCoH2 S51T was irreversible.  Unfolding (U) and refolding (R) of 

DCoH2 S51T were examined after 20-hour incubation at room temperature.  As labeled in 

the legend, protein samples at three concentrations (1.6 µM, 4.8 µM, and 16 µM) were used 

for the fluorescence emission measurements.  The refolding of DCoH2 S51T was protein 

concentration-dependent.  However, the unfolding of DCoH2 S51T was independent of the 

protein concentration.  The AEW data were calculated and normalized to the native signal.  

The average and standard deviation of three measurements are shown.  The figure is made 

with Excel. 
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Figure 6.  Unfolding kinetics of DCoH2 measured by fluorescence.  The unfolding of 

DCoH2 contained one transition, which was fit to single exponential equations.  A: 

Unfolding kinetics of DCoH2 in 24 hours.  B: Unfolding kinetics of DCoH2 during the first 

10 hours.  1.6 µM DCoH2 in 1X PBS (pH 7.3) was unfolded at room temperature by various 

concentrations (from 1.4 M to 4.0 M) of GdnHCl, as shown in the legend.  Intrinsic 

tryptophan fluorescence was measured at selected time points.  The AEW was calculated for 

each data point.  Data were fit with IGOR Pro and plotted with Excel. 
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Figure 7.  Residuals of unfolding kinetic data fitting for DCoH2 (fluorescence).  Unfolding 

kinetic data of DCoH2 at various concentrations of GdnHCl were fit to single exponential 

(Exp) and double exponential (2Exp) equations.  Residuals from both fitting equations were 

compared for each unfolding condition (as labeled in the legend) in the same plot.  Single 

exponential and double exponential equations worked well for all six groups of fluorescence 

unfolding results, especially for these at higher GdnHCl concentrations.  Data were fit with 

IGOR Pro and plotted with Excel. 
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Figure 8.  Unfolding kinetics of DCoH2 S51T measured by fluorescence.  The unfolding of 

DCoH2 S51T had two unfolding transitions and was fit to double exponential equations.  A: 

Unfolding kinetics of DCoH2 S51T in 10 days.  B: Unfolding kinetics of DCoH2 S51T in 

Day 1 and Day 2.  1.6 µM DCoH2 S51T in 1X PBS (pH 7.3) was unfolded at room 

temperature by various concentrations (from 4.0 M to 6.5 M) of GdnHCl, as labeled in the 

legend.  Fluorescence emission was measured at selected time points.  The AEW was 

calculated for each data point.  Data were fit with IGOR Pro and plotted with Excel. 
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Figure 9.  Residuals of unfolding kinetic data fitting for DCoH2 S51T (fluorescence).  

Unfolding kinetic data of DCoH2 S51T at various concentrations of GdnHCl were fit to 

single exponential (Exp) and double exponential (2Exp) equations.  Residuals from both 

fitting equations were compared for each unfolding condition (as labeled in the legend) in the 

same plot.  At 6.5 M GdnHCl, both single exponential and double exponential equations 

worked well for the unfolding kinetic data.  For the rest five groups of fluorescence unfolding 

results, double exponential equations acted better than the single exponential ones.  Data 

were fit with IGOR Pro and plotted with Excel. 
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Figure 10.  Unfolding kinetics of DCoH2 proteins by CD.  Unfolding of both DCoH2 

proteins had single transitions, which were fit to single exponential equations.  However, 

higher concentrations of GdnHCl and longer incubation times were needed to completely 

unfold DCoH2 S51T, compared to wild-type DCoH2.  A: Unfolding kinetics of DCoH2 for 

24 hours.  B: Unfolding kinetics of DCoH2 S51T for 2 or 3 days.  1.6 µM DCoH2 or DCoH2 

S51T in 1X PBS (pH 7.3) was unfolded at room temperature by various concentrations of 

GdnHCl, as shown in the legend.  CD was measured for different lengths of time, with one 

reading every second.  Data were fit with IGOR Pro and plotted with Excel.
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Figure 11.  Residuals of unfolding kinetic data fitting for DCoH2 (CD). Unfolding kinetic 

data of DCoH2 at various concentrations of GdnHCl were fit to single exponential (Exp) and 

double exponential (2Exp) equations.  Residuals from both fitting equations were compared 

for each unfolding condition (as labeled in the legend) in the same plot.  Single exponential 

and double exponential equations worked well for all three groups of CD unfolding results.  

Data were fit with IGOR Pro and plotted with Excel. 
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Figure 12.  Residuals of unfolding kinetic data fitting for DCoH2 S51T (CD). Unfolding 

kinetic data of DCoH2 S51T at various concentrations of GdnHCl were fit to single 

exponential (Exp) and double exponential (2Exp) equations.  Residuals from both fitting 

equations were compared for each unfolding condition (as labeled in the legend) in the same 

plot.  Single exponential and double exponential equations worked well for all three groups 

of CD unfolding results.  Data were fit with IGOR Pro and plotted with Excel.    
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Figure 13.  Comparison of unfolding kinetic rates of DCoH2 proteins.  Unfolding kinetic 

rates determined by fluorescence and CD were compared for DCoH2 (A) and DCoH2 S51T 

(B).  The CD and fluorescence data agreed.  The fluorescence data were fit to an equation 

describing the folding and unfolding rates.  Data were fit with IGOR Pro and plotted with 

Excel.    
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Discussion 

DCoH is a bifunctional protein with two apparently unrelated functions.  Other 

examples of bifunctional proteins have been identified, for example some enzymes function 

also as eye lens crystallin proteins such as liver L-gulonate 3-dehydrogenase in rabbit [1], or 

lactate dehydrogenase in duck [2].  Recently the mitochondrial TCA enzyme fumarase was 

found to function in the nucleus in response to DNA damage [3].  Both functions of DCoH 

appear to take place within the same cell.  In the liver at least, DCoH is active enzymatically 

to recycle BH4, and transcriptionally interacting with HNF1 [4-5].  We are investigating how 

DCoH converts between these two functions. 

The two functions of DCoH are associated with different oligomeric states [6].  As an 

enzyme, DCoH forms a homotetramer in the cytoplasm, and as a coactivator a dimer of 

DCoH interacts with a dimer of HNF1 in the nucleus [5, 7].  Previous studies have shown 

that the DCoH1 homotetramer is much more stable than the DCoH2 homotetramer [8-9].  

The current study investigates the source of the remarkable stability of DCoH1.  We 

demonstrate that the DCoH1 homotetramer is not thermodynamically stable but kinetically 

stable, being very slow to unfold.  This may help explain how DCoH1 fulfills its two 

functions, by maintaining a separate protein pool in the nucleus and in the cytoplasm. 

DCoH1 and DCoH2 dimers adopt the same fold as revealed by their crystal structures 

[10].  In solution, both DCoH1 and DCoH2 form homotetramers.  The same binding 

interface between DCoH dimers interacts with an HNF1 dimer, meaning the two complexes 

are mutually exclusive.  Previous studies showed that the DCoH1 homotetramer was 

hyperstable and did not interact with HNF1 upon mixing in solution [5].  The Hevel group 
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showed that the DCoH2 homotetramer could interact with HNF1 upon mixing, suggesting 

the homotetramer was less stable than DCoH1 [8].  The tetramer interface is mostly 

conserved between DCoH1 and DCoH2 and is composed of residues 43-59 from each 

monomer of the homotetramer [10].  Through gel filtration chromatograms, the Hevel group 

proposed that charged residues at the outside surface of the tetramer interface were 

responsible for the increased stability of the DCoH1 homotetramer, due to two interactions 

between dimers: a salt bridge between Lys 59 and Asp 61, and a hydrogen bond between Arg 

45 and Gln 98 [11].  These interactions are not formed in DCoH2 since Asn 61 (DCoH2) is 

not charged like Asp 61 (DCoH1), and Lys 98 is too short to interact with Gln 45.  DCoH1 

and DCoH2 also differ at residue 51, at the center of the tetramer interface.  Hevel reported 

that the mutation of Ser 51 (the residue in wild-type DCoH2) to Thr (the residue in wild-type 

DCoH1) had no effect on homotetramerization of DCoH2.  In our hands the S51T mutation 

was enough to stabilize the DCoH2 homotetramer, as demonstrated by hysteresis.  By these 

criteria the stability of the DCoH1 homotetramer does not depend on interactions on the 

surface of the homotetramer, but the hydrophobic core of the interface centered at residue 51. 

In a previous study in our lab, the decreased stability of the DCoH2 homotetramer 

was attributed to the presence of a water molecule buried at the center of the binding 

interface of the DCoH2 homotetramer and hydrogen bonded with the side chains of Ser 51 

[9].  In the DCoH1 homotetramer, where threonine took the place of Ser 51, there was no 

water molecule interacting with the Thr 51 residues [10].  Folding studies of DCoH1 T51S 

confirmed that Thr 51 played an important role in the tetramer stability of DCoH1 [9].  

Through intrinsic tryptophan fluorescence, it was shown that the unfolding and refolding of 
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the DCoH1 homotetramer were not reversible.  However, when the Thr 51 residue was 

mutated to a serine at the binding interface, the folding profiles of DCoH1 became reversible.  

Interestingly the folding and unfolding curves of DCoH1, DCoH2 and DCoH1 T51S 

contained single transitions.  The unfolding of wild-type DCoH1 took place at high GdnHCl 

concentrations, and once the tetramer unfolded it unfolded completely to monomers, without 

any dimer intermediate.  This suggests that the homotetramer of DCoH1 is more stable than 

the dimer or monomer.  The T51S mutation was located at the tetramer interface and 

destabilized the homotetramer so that it unfolded reversibly at much lower GdnHCl 

concentrations [9].  Even so the DCoH1 T51S tetramer unfolded to the monomer with a 

single apparent transition that fit well to a tetramer to monomer unfolding model.  Because 

the tryptophan residues are located within the dimer, it is possible that we cannot distinguish 

the dimer from the tetramer by intrinsic fluorescence.  The mechanism behind the hysteresis 

of DCoH1 folding was not clear, and was proposed to be related to the protein kinetic 

stability.  

 The unfolding of wild-type DCoH2 was reversible and shared a similar profile with 

that of DCoH1 T51S [9].  To further demonstrate the importance of residue 51 for the 

stability difference between DCoH1 and DCoH2, the equilibrium folding properties of 

DCoH2 S51T were investigated by intrinsic tryptophan fluorescence in this project.  6.5 M 

concentrated GdnHCl was needed to unfold DCoH2 S51T completely after overnight 

incubation.  Therefore DCoH2 S51T appeared even more stable than wild-type DCoH1, 

which unfolded with an apparent GdnHCl concentration of 3.0 M after 20 hours of 

incubation [9].  The GdnHCl concentration at the midpoint of the DCoH2 S51T refolding 
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curve was a lot lower than the unfolding curve, varying from 1.95 M to 2.25 M, and was 

dependent on the protein concentration as expected for folding of an oligomer.  The single 

amino acid mutation at residue 51 changed the reversible unfolding of wild-type DCoH2 to 

irreversible in the DCoH2 S51T folding profile.  All of the folding and unfolding profiles 

appeared to describe a single transition from tetramers to monomers.  Therefore the central 

residue 51 at the binding interface of DCoH proteins is more important for the tetramer 

stability than the charged residues which are located at the outside surface of the tetramer 

interface.  

Kinetic unfolding experiments were performed to further understand the mechanism 

of hysteresis in the unfolding of DCoH2 S51T.  For wild-type DCoH2 both fluorescence and 

CD unfolding curves fit to a single exponential equation (Results Figure 7 and Figure 11).  

The unfolding rates as measured by fluorescence and CD were identical (Results Figure 

13A).  The kinetic studies confirmed the single transition unfolding of wild-type DCoH2, 

directly from homotetramers to monomers.  The calculated unfolding rates of DCoH2 at 

GdnHCl concentrations between 1.4 M and 4.0 M varied about 10 fold, with values between 

2.89 X 10
-5

 s
-1

 and 2.54 X 10
-4

 s
-1

 (Results Table 2). 

Two steps were identified in the unfolding of DCoH2 S51T by intrinsic tryptophan 

fluorescence (Results Figure 9), but only one transition by CD (Results Figure 12).  The fast 

unfolding rates (k2) measured by fluorescence did not vary significantly with GdnHCl 

concentrations: between 1.27 X 10
-4

 s
-1

 and 3.26 X 10
-4

 s
-1

 for 4.0 M to 6.0 M GdnHCl 

(Resutls Table 2).  The slow unfolding rates (k1) measured by fluorescence did vary with 
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GdnHCl concentrations, and matched the unfolding rates measured by CD (Results Figure 

13B). 

Fluorescence measures the tertiary structure change by monitoring changes of 

tryptophan exposure in the protein during unfolding.  CD measures the secondary structure 

change in protein unfolding studies.  Since the slow unfolding step affects secondary and 

tertiary structure, we interpret this step to be the global unfolding of the DCoH2 S51T 

protein.  The fast step does not affect secondary structure (CD).  This step does not represent 

unfolding of the homotetramer to the dimer since the DCoH2 dimer is the same in the wild-

type and S51T mutant DCoH2 proteins.  Residue 51 is positioned in the tetramer interface, 

and therefore would be expected to affect the stability of the homotetramer.  Wild-type 

DCoH2 unfolds much faster than DCoH2 S51T suggesting the homotetramer of DCoH2 

S51T must be intact after the fast unfolding rate (k2).  We interpret the fast rate as a local 

conformational change that exposes one of the three Trp residues per monomer.  Trp 7 is 

located at the edge of the DCoH saddle and may become more exposed to solvent without 

unfolding the whole protein.  At 6.5 M GdnHCl the slower unfolding rate (k1, 2.33 X 10
-4

 s
-1

) 

unfolds fast enough to mask the faster rate (k2, 4.09 X 10
-4

 s
-1

), and was fit to a single 

exponential. 

The fluorescence unfolding of wild-type DCoH2 and DCoH2 S51T were fit to 

chevron plots (Results Figure 13 and Table 3).  The unfolding rates in aqueous solution were 

dramatically different: 9.33 X 10
-6

 s
-1

 for DCoH2, and 7.41 X 10
-16

 s
-1

 for DCoH2 S51T.  

This corresponds to a half-time (t1/2) of about 20 hours for DCoH2 and 30 million years for 

DCoH2 S51T!  The DCoH2 S51T homotetramer is clearly kinetically trapped.  The refolding 
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rates at 1.6 μM protein were the same within error: 1.90 s
-1

 for DCoH2, and 6.05 s
-1

 for 

DCoH2 S51T (Results Table 3).  This suggests that the refolding step is the same as 

measured by fluorescence.  Because the Trp residues are buried within the DCoH dimer and 

not at the tetramer interface, this step may represent refolding of the DCoH dimer instead of 

the tetramer, which should be identical. 

It is surprising that a conservative mutation from Ser to Thr has such a dramatic effect 

on the stability of DCoH.  The current study demonstrates that this mutation affects the 

kinetic stability, not the thermodynamic stability, of DCoH.  Residue 51 is positioned in the 

center of the homotetramer, juxtaposing residue 51 from all four monomers.  Previous 

studies comparing the structures of wild-type DCoH1 (T51), DCoH1 T51S and DCoH2 

(S51) identified an ordered water molecule at the center of the hydrophobic tetramer 

interface of DCoH1 T51S and DCoH2 (S51) [9].  The central water molecule forms 

hydrogen bonds with the side chains of Ser 51that are not formed with the bulkier Thr 51.  It 

was suggested that ordering the central water molecule decreased the stability of the 

homotestramer.  Part of the explanation may be the entropy increase in ordering the water 

molecule.  A model proposed for kinetic stability is a high free-energy barrier required to 

break all of the interactions holding an interface together [12].  These interactions are 

compensated once the surface is solvated.  For the DCoH interface these interactions are 

primarily hydrophobic and van der Waals contacts with a few hydrogen bonds on the 

periphery of the interface [10].  About 2,500 Å
2
 of surface area is buried in the DCoH 

homotetramer.  Thr 51 has a larger hydrophobic surface than Ser 51, which may contribute to 
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the stability of wild-type DCoH1.  The central ordered water molecule may facilitate 

hydration of the tetramer interface as DCoH2 unfolds, decreasing the kinetic stability. 

We expected that the water molecule would not be present in the Ser 51 to Thr 

mutation in DCoH2.  The DCoH2 S51T structure showed some electron density present in 

the center of the tetramer interface.  A water molecule (named as H2O 230) modeled at this 

position interacted with side chains of Thr 51 through hydrogen bonds at the tetramer 

interface.  The electron density of H2O 230 in DCoH2 S51T was much less than that of Thr 

51 OG1 to which it was hydrogen bonded (Results Figure 3C).  The B factor of H2O 230 was 

listed 31.4 Å
2
, much higher than the B factor of Thr 51 OG1 (~13 Å

2
).  When the B factor of 

H2O 230 was fixed to the value of 13 Å
2
, the occupancy of H2O 230 had to be decreased to 

0.1 before the negative electron density disappeared in the Fo-Fc map.  Therefore if there 

were a water molecule at the tetramer interface of DCoH2 S51T, the occupancy would be 

very low.   The electron density at the DCoH2 S51T tetramer interface is on a special 

position, i.e. on the crystallographic symmetry axis between the dimers of the homotetramer.  

For this reason the electron density of H2O 230 may be an artifact of the refinement.  In the 

DCoH1 T51S structure there are two complete homotetramers in the asymmetric unit [9].  

We therefore do not believe the central water molecule is present in the DCoH2 S51T 

structure. 

Members of the αLP protein family are the best-studied kinetically stable proteins 

[13-14].  The pro domain of αLP facilitates folding of the protein.  Once folded the pro 

domain is cleaved off leaving the folded αLP in a native state that is thermodynamically less 

stable the unfolded state.  The spontaneous unfolding of the protein is only prevented by the 
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large unfolding barrier with t1/2 of 1.2 years.  Such kinetic stability has provided a mechanism 

for proteins to resist degradation and ensure maximal lifetimes under harsh environments.  

Like αLP, kinetically stable proteins have large free energy barriers for unfolding, which is 

essential for the proteins to play their biological functions [14].   

The kinetic stability of wild-type DCoH1 (Thr 51) may explain how it functions in 

both the cytoplasm and the nucleus.  The two isoforms, DCoH1 and DCoH2 have different 

expression profiles and concentrations in vivo in various tissues.  In human liver, the 

concentration of DCoH1 is estimated at 4 µM [15-16], which is much higher than that of 

DCoH2 [17].  DCoH1 is kinetically stable unlike DCoH2.  Once the DCoH1 homotetramer 

forms it will no longer be available to interact with HNF1.  Therefore HNF1 may have to 

interact with newly synthesized DCoH1.  This might regulate formation of the DCoH1-

HNF1 complex and prevent depletion of cytoplasmic DCoH1.  On the other hand the DCoH2 

homotetramer and DCoH2-HNF1 heterotetramer may be at equilibrium providing a basal 

level of DCoH activities. 

The kinetic stability of DCoH1 leads to formation of the two separate DCoH1 pools 

in cells.  The DCoH1 homotetramer pool has to be maintained at a high concentration to bind 

the 4a-OH-BH4 substrate.  When the DCoH1 level is low, 4a-OH-BH4 spontaneously 

converts to 7-BH4 through chemical rearrangements [18-20].  The substituted product 7-BH4 

from the nonenzymatic reaction will accumulate in the cell and cause a mild form of HPA.  

The high concentration of DCoH1 homotetramers will not affect the interaction with HNF1 

because of the tetramer stability.  Only freshly synthesized DCoH1 may be available for 

HNF1 interaction, and may help regulate HNF1 expression in the cell.  It is still not clear 
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how DCoH1 and HNF1 interact in the cell.  It is known that DCoH1 and HNF1 can form 

heterotetramers by cofolding [5, 10].  It is possible that cellular chaperone proteins help 

cofold DCoH1 and HNF1, though there is no evidence to date.  

Understanding the stability of DCoH will allow future experiments to characterize the 

relative stabilities of the DCoH homotetramers and DCoH-HNF1 complexes.  The stabilities 

of the two DCoH tetramers affect the HNF1 binding properties of DCoH1 and DCoH2 [10].  

The results from these folding experiments will provide more information for understanding 

distinct mechanisms of regulation of HNF1 function.   
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Background: A homeodomain/DNA structure 

contained two DNA bound conformations. 

Results: After molecular dynamics the 

homeodomain with a disordered N-terminal arm 

repositioned to a partly-specific orientation. 

Conclusion: Intramolecular protein interactions 

between the major and minor grooves orient the 

homeodomain on the DNA. 

Significance: The DNA “bound” state of 

transcription factors consists of multiple stable 

conformations with different degrees of 

specificity. 

 

SUMMARY 

  Pdx1 (Pancreatic and duodenal 

homeobox 1) is a transcription factor that 

plays an essential role in pancreatic cell 

development and maintenance of adult islet 

beta-cell function. The crystal structure of the 

Hox-like homeodomain DNA binding domain 

bound to DNA identified two conformations 

with differences in DNA binding contacts.  

We characterized the two conformations by 

Molecular Dynamics (MD) simulations in the 

crystal and aqueous environments.  Crystal 

simulations validated the force field used 

(ff99SB/parmbsc0), while solution simulations 

provided insight into the conformational 

equilibria of the complex. The simulations 

indicate that conformation A represents a 

partially specific DNA bound configuration 

with a single base contact by Arg 5 in the 

minor groove.  Conformation B represents 

the specific Pdx1 conformation, forming 

additional direct and water-mediated 

contacts with DNA bases by Asn 51 and Gln 

50 in the major groove, and Lys 2 in the 

minor groove. Both conformations are stable 

during 50 ns of MD.  These conformations 

differ in the position of helix 3 in the major 

groove and indicate some of the inherent 

mailto:sagui@ncsu.edu
mailto:bob_rose@ncsu.edu
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flexibility of homeodomains in binding DNA.  

We propose that ordering of the N-terminal 

arm promotes formation of the specific 

conformation.  Alternate conformations may 

be functionally relevant either in the search 

for specific DNA binding sites, or in the 

context of DNA binding partners. 

 Specific DNA binding plays a key role in 

the protein-DNA recognition process necessary 

for the regulation of gene expression.  Binding 

determinants are complex, including direct base 

contacts, indirect water-mediated contacts, and 

local geometry of the DNA sequence (1).  

Complicating matters, many regions of 

transcription factors are disordered in solution 

and fold only upon binding to their specific 

targets (2).  The current study suggests a further 

level of complexity, suggesting that the bound 

state consists of an ensemble of stable 

conformations instead of a single low energy 

conformation. 

 The homeodomain provides an interesting 

example of the subtle effects of DNA-protein 

recognition.  The homeodomain is one of several 

small DNA binding motifs with limited DNA 

binding specificity; yet incorporated in an 

estimated 235 transcription factors it adopts 

specific and essential developmental roles (3-5).  

The homeodomain is composed of a 3-helix 

domain and a mobile N-terminal arm. Helix 2 

and 3 form a helix-turn-helix type motif that is 

ordered in solution. Helix 3, also known as the 

recognition helix, interacts with the DNA bases 

through the major groove.  The N-terminal arm, 

on the other hand, becomes ordered upon 

binding a specific DNA sequence through the 

minor groove (6-8).  Although many structural 

studies have characterized the DNA binding 

properties of homeodomains, the factors that 

distinguish binding specificity remain difficult to 

rationalize.  

 Recently a crystal structure of the Pdx1 

homeodomain/DNA complex was obtained in 

our lab with a consensus DNA binding sequence 

C1T1A2A3T4G5A6G7 (9). Pdx1 is a ParaHox 

transcription factor evolutionarily related to the 

Hox homeodomain subfamily (10,11).  Pdx1 

promotes differentiation of the duodenum, 

stomach, and the exocrine and endocrine 

pancreas (12-15).  In the mature pancreas Pdx1 

is expressed in beta- and delta-cells that secrete 

the endocrine hormones insulin and 

somatostatin, respectively.  Mutations in Pdx1 

cause a form of familial diabetes, maturity-onset 

diabetes of the young type 4 (MODY-4) (16,17). 

 DNA binding affinity of Pdx1 accounts for 

differences in transcriptional activity, at least in 

cell culture (18).  All Hox factors contact DNA 

through similar residues (Fig.1).  Residues Ile 

47, Gln 50, Asn 51 and Met 54 from the 

recognition helix insert in the major groove 

contacting DNA bases directly or through water 

bridges (19).  Position 50 is particularly 

important for specificity for some 

homeodomains, for example Lys 50 in Bicoid 

(20), but less so for Hox factors as demonstrated 

by a Gln 50 to Ala mutation (21).  The 

conservation of the major groove residues 

suggests they are insufficient to distinguish 

binding specificity among Hox factors.  

Residues outside of helix 3 may influence major 

groove contacts, as shown for the NK-2 

homeodomain (22).  

 The N-terminal arm sequence is less well 

conserved than the recognition helix, but always 

includes positively charged Lys or Arg residues 

(23,24).  The arm sequence contributes to DNA 

binding specificity as demonstrated by chimeric 

homeodomains with swapped N-terminal 

residues (25-27). When disordered, the N-

terminal arm facilitates searching the DNA for 

binding sites through “fly catching” or sliding 

mechanisms (24,28,29).  

 Other mechanisms also affect homeodomain 

function.  Disordered sequences outside of the 

homeodomain influence DNA binding 

specificity suggesting an autoinhibitory 

mechanism (30).  Additionally phosphorylation 

or sumoylation, important for nuclear 

localization, may affect activity (31-33). Finally 

interactions with other DNA binding factors 

alter DNA binding specificity of homeodomains, 

as demonstrated by PBC and Meis interactions 

(34,35).  Pdx1 cooperates with Pbx1 and Prep1 
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on the somatostatin promoter, (36,37), Pbx1 and 

Mrg1 in pancreatic acinar cells (38), and 

E47/NeuroD on the insulin promoter (39-41). 

 Our structure of the Pdx1 homeodomain 

contained two complexes with differences in the 

conformation of the N-terminal arm, major 

groove contacts, and backbone contacts, raising 

new questions about the DNA recognition 

process by homeodomains (9).  At the time we 

attributed the differences in the two 

conformations to differences in DNA bending as 

a result of crystal packing (9). We proposed an 

induced fit model in which DNA contacts by 

residues from helix 3 in the major groove of one 

conformation stabilized the N-terminal arm in 

the minor groove. 

 In this work we apply classical MD with a 

fully atomistic representation of the complex 

and solvent to simulate both the crystal and 

solution behavior of both conformations of the 

Pdx1 homeodomain/DNA complex (9). In the 

last decade MD simulations have become an 

invaluable tool to complement structural 

information obtained experimentally (42-45).  

 MD simulations of the Pdx1/DNA 

complexes show that differences in DNA 

contacts persist between the two conformations 

even in solution due to distinct positioning of the 

homeodomain relative to the DNA. 

Conformation A represents a less specific 

complex than conformation B.  The simulations 

suggest one source of diversity of homeodomain 

function derives from distinct bound states with 

differing degrees of DNA binding specificity. 

The existence of these “isomeric” bound 

conformations has not been reported before. We 

propose multiple bound isomers to be an 

important feature of the homeodomain/DNA 

binding processes, adding a further layer of 

complexity to what is known about binding 

specificity. 

 

EXPERIMENTAL PROCEDURES 

 Simulation Details – Simulations were 

carried out for: (i) the crystal unit cell; (ii) the 

complexes in aqueous solution; and (iii) the 

DNA and Pdx1 molecules separately.  Initial 

geometries for the simulations were derived 

from both Pdx1/DNA complexes in the 

asymmetric unit of the crystal structure (pdbid 

2H1K) (9).  Residues missing in the crystal 

structure (model A: residues 1-3, 60-61; model 

B: residues 58-61) were placed in reasonable 

conformations by superimposing short pre-

equilibrated peptide fragments onto the 

experimental structure.  For the solution 

simulations all waters from the crystal structure 

were removed and replaced with solvent water 

molecules surrounding the protein/DNA 

complex. 

 For the crystal simulation the unit cell of the 

crystal structure was generated from the 

asymmetric unit by applying the P212121 

symmetry operators.  Non-crystallographic 

water molecules were added by sampling them 

from a box of water equilibrated at normal 

conditions and placed "on top" of the unit cell. 

Specifically, molecules were picked at random 

from the water box and "copied" into the unit 

cell provided no sterically forbidden 

configuration resulted. The number of the water 

molecules was varied until the system's density 

remained unchanged in trial MD runs under 

normal conditions. The density settled at 1.25 

g/cm
3
 with 6901 non-crystallographic waters. 

 Simulations were performed using the 

AMBER 10 package along with some “in 

house” codes(46).  The Pdx1/DNA complex was 

modeled using the ff99SB(47) force field for 

protein, parmbsc0(48) for DNA, TIP3P(49) for 

water molecules and the AMBER stock 1999 

version of the Cornell force field(50) for Na
+
 

and Cl
- 
 ions.  Missing hydrogen atoms were 

added with the LEaP module of AMBER 10; 

histidine residues were assumed to be neutral 

with a proton at the 2 position.  For the solution 

simulations, at least a 15 Å thick layer of TIP3P 

water was added around the solute with the 

LEaP module, and the system was neutralized 

using either Na
+
 (Pdx1/DNA complex) or Cl

-
 

(protein alone) ions. The structures were 

thoroughly equilibrated with the SANDER 

module of AMBER 10 before the production 

(data gathering) step.  During the initial 
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equilibration the heavy DNA and protein atoms 

were restrained to their initial positions by a 

harmonic potential.  In every case we first 

performed a few conjugate gradient 

minimization steps to relax the hydrogens, 

followed by a 1 nanosecond long constant 

pressure run at ambient conditions (T=298 K, 

P=1 atm).  The last frame of the restrained NPT 

runs were the starting point of the unrestrained 

production runs reported in this paper.   

 The production simulations were carried out 

using the PMEMD module of AMBER 10. The 

electrostatic interactions were evaluated by the 

PME method(51,52) using a 9 Å cutoff for the 

short-range terms. The same cutoff was used for 

the van der Waals terms with a continuous 

correction for the long-range terms. The lengths 

of all bonds that involve hydrogen atoms were 

fixed via the SHAKE algorithm with the 

tolerance set to 10
-6

 Å.  Langevin dynamics(53) 

with collision frequency =1 picoseconds (ps)
-1

 

was used to maintain the temperature at 298 K 

with a different random number generator seed 

set for every run. The Berendsen algorithm (54) 

with relaxation time P=1 ps was used to 

maintain the pressure at 1 atm. The time step 

was 2 femtoseconds and coordinates were saved 

for analysis every 10 ps (5000 steps). 

 Analysis - The PTRAJ module of AMBER 

10 was used for basic analysis (centering and 

imaging of the trajectories, computations of 

RMS deviations, etc.), 3DNA (v. 1.5)(55) for the 

calculation of DNA structural parameters, and 

simple in-house programs for the identification 

and counting of the intermolecular contacts. The 

latter were defined as follows(56): a hydrogen 

bond was assumed if the distance between the 

donor hydrogen and the accepter oxygen or 

nitrogen was 2.8 Å or less, and the angle formed 

by the donor, hydrogen and acceptor atoms 

exceeded 145°; a hydrophobic contact was 

defined as a pair of sulfur/carbon atoms 

separated by less than 4.5 Å; a water contact was 

identified if the oxygen of a water molecule was 

within 3 Å of a nitrogen or an oxygen atom.  A 

simultaneous water contact from two different 

macromolecules to the same water molecule is 

referred to as “water bridge”. 

 Figures of protein structures were generated 

with Pymol(57) and labeled in Powerpoint 

(Microsoft Office). The molecular graphics 

image of the unit cell was produced using the 

UCSF program Chimera(58).  The figures 

displaying distances through the simulation are 

displayed as a running average of 100 ps (10 

trajectory frames). 

 

RESULTS 
 Conformation-specific DNA contacts in the 

crystal structure - The two conformations of the 

Pdx1/DNA complex in the crystal structure 

contained invariant contacts found in both 

conformations A and B, and variable contacts 

specific to each conformation (9).  Two residues 

formed direct hydrogen bonds with DNA bases 

in both conformations: Asn 51 with Ade 3 

(CTAA3T) in the major groove, and Arg 5 with 

Thy1 (C-1T1AAT) and Gua-1* (opposite Cyt-1) in 

the minor groove (Fig. 1, Supplemental Fig. S2).  

Conformation B was more specific than 

Conformation A.  In Conformation B Gln 50 

formed a water-mediated contact with Gua 5 and 

Thy 6* (TAATG5A6).  The N-terminal arm was 

also more ordered in conformation B, with Lys 2 

hydrogen bonded with the bases Ade 3 and Thy 

2* in the minor groove.  

 Crystal simulation – The flexibility of the 

interactions in the two conformations was 

investigated by MD of the crystallographic unit 

cell.  During the simulation the four copies of 

model A and model B in the unit cell showed 

some variation in mobility and conformation, 

probably due to differences in their local 

environment (Supplemental Fig. S1).   

 The experimental molecular geometries 

were well preserved during the simulation (Fig. 

2A). Root mean square deviations (RMSDs) 

were 2.5 Å or less.  The RMSD of the average 

structures with respect to the original 2H1K 

coordinates were 0.86 Å and 1.10 Å for 

conformations A and B, respectively.  We 

interpret this as validation of the model and the 

simulation protocol. 



 

101 

 Trajectories of the Pdx1/DNA complex in 

the crystal – In general the differences between 

conformations A and B were less pronounced 

after the crystal simulation. Arg 5 is the one 

residue to hydrogen bond consistently with the 

same bases in all 8 models in the unit cell 

groove, to Thy1 and Gua-1* through the minor 

groove as in the crystal structure, and Ade 2, 

reported only in Conformation B in the crystal 

structure.  The major groove contacts are more 

variable.  The hydrogen bond by Asn 51 with 

Ade 3 (CTA2A3T) is lost consistently in 

Conformation A, and in 2 of the 4 models of 

Conformation B (Supplemental Fig. S3A,B).   

Both Asn 51and Gln 50 contact the phosphate 

backbone of the DNA in the major groove of 

Conformation A, with Ade2 and Cyt 7*, 

respectively (Supplemental Fig. S3C).  Only the 

Gln 50-Cyt 7* phosphate contact is accessible to 

Conformation B (not shown).  These backbone 

contacts are characteristic of the partially-

specific Conformation A after the solution 

simulation (see Fig. 4).  

 In the crystal structure five phosphate 

contacts are unique to Conformation A by 

residues from helix 2 and 3: Arg 31, Lys 46, Gln 

50, Arg 53 and Lys 57 (Supplemental Fig. S2) 

(9).  During the simulation all of these contacts 

are also formed in conformation B except Arg 

31 and Lys 46 with the phosphate backbone of 

Ade 8* (Supplemental Fig. S3 D,E).  The Arg 

31-Ade 8* phosphate contact is characteristic of 

Conformation A in solution too (see Fig. 6). 

 While Arg 5 is consistently ordered in all 

homeodomain/DNA complexes, the residues N-

terminal of Arg 5 are often disordered (7,59-61).  

In the crystal structure, these residues are 

ordered in Conformation B and disordered in 

Conformation A.  During the simulation Lys 2 

remains predominantly in the minor groove in 

Conformation B, hydrogen bonded with Thy 2* 

O2 but not Ade 3 (Fig. 3A).  In model B4 

residues 1-4 of the N-terminal arm escape from 

the minor groove after about 20 ns and remain 

mobile.  In Conformation A Lys 2 never enters 

the minor groove during the simulation.  

Interestingly Arg 3 does enter the minor groove 

to contact Thy 2* for about 20 ns in model A2, 

and partially in model A4 (at 30-50 ns) (Fig. 

3B).  Mobility of the N-terminal arm appears to 

be required for Arg 3 to enter the major groove 

since the arm executes large motions in models 

A2 and A4, while these motions are restricted in 

models A1 and A3 by phosphate backbone 

contacts by Lys 2 or the acetylated N-terminus. 

 From the crystal structure we proposed that 

ordering of Lys 2 in the minor groove is 

stabilized by a network of contacts between Arg 

43 and His 44 from helix 3 in the major groove 

and Arg 3 in the minor groove (Fig. 1) (9). 

These interactions were maintained in 

conformation B during the crystal simulation: 

Arg 3 and Arg 43 both hydrogen bond with the 

phosphate backbone, with Thy 4 and Ade 3, 

respectively (Supplemental Fig. S4 A,B). The 

proximity of the guanidinium groups of Arg 3 

and Arg 43 suggest pi-pi stacking.  His 44 

stabilizes the conformation of Arg 43 

(Supplemental Fig. S4C).  In model B4, after the 

N-terminal arm escapes the major groove, the 

Arg 3-Thy 4 O2P and Arg 43-His 44 contacts 

are broken, consistent with their role in 

stabilizing the N-terminal arm in the minor 

groove.   

 In Conformation A the N-terminal 3 

residues and the side chain of Arg 43 are 

disordered in the crystal structure.  Arg 43 never 

associates stably with His 44 (Supplemental Fig. 

S4D) or Ade3 O2P, but forms a stable hydrogen 

bond (~60% of the time) with Thy 4 O2P in 

model A2 and A3 (Supplemental Fig. S4E).  In 

model A2, the Arg 43-Thy 4 O2P backbone 

contact correlates with insertion of Arg 3 in the 

minor groove to contact the base of Thy 2* (Fig. 

3B).   

 In summary, the simulation reduces the 

differences between Conformations A and B 

found in the crystal structure, particularly in the 

major groove.  Three phosphate contacts are 

specific to Conformation A, by Asn 51 with Ade 

2, and by Arg 31 and Lys 46 with Ade 8*.  The 

contact by Arg 43 from the major groove with 

the phosphate backbone correlates with 

stabilizing the N-terminal arm in the minor 
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groove. In Conformation B the N-terminal arm 

is mostly ordered with Lys 2 binding in the 

minor groove.  In Conformation A the N-

terminal arm is mostly disordered. Arg 3 enters 

the minor groove in models A2 and A4, 

suggesting a second position for the N-terminal 

arm not present in the crystal structure. 

 We attributed the different contacts between 

the two conformations in the crystal structure to 

differences in DNA bending (9).  The DNA 

bending of the crystal structure is maintained 

during the crystal simulation. 

 Pdx1/DNA complex in aqueous solution - 

Simulations of the Pdx1/DNA complex in 

aqueous solution were initiated from both 

conformations reported in the 2H1K PDB 

structure, and trajectories recorded for 50 ns. 

RMSD’s were calculated relative to 

Conformation A or Conformation B (Fig. 2B).  

After an initial relaxation time, the simulations 

of both Conformation A and B resembled 

Conformation A closer than B, indicating that 

Conformation A in the crystal structure, with the 

less bent DNA, is closer to the solution 

conformation.  The RMSD values for complexes 

A and B relative to the experimental structure in 

Conformation A were 1.69 Å and 1.58 Å, 

respectively; and relative to Conformation B 

were 2.51 Å and 2.08 Å, respectively.  

 Specific DNA contacts in the major groove 

by conformation B - The flexibility of the DNA 

during the simulation of both conformations 

resulted in an average straight helical axis with 

large fluctuations in the bending angle (not 

shown).  We were therefore surprised that 

differences between the conformations persisted 

throughout the simulation.  In conformation A, 

both Gln 50 and Ade 51 stably contacted the 

phosphate backbone in the major groove, with 

Cyt 7* and Ade 2, respectively (Fig. 4).  In 

contrast Asn 51 in conformation B formed a 

direct hydrogen bond with Ade 3 N7 (Fig. 5 

A,B). Periodically Asn 51 OD1 formed a second 

specific hydrogen bond with Ade 3 N6.  Gln 50 

was too far from the DNA for a direct contact 

with the DNA bases, but during the simulation 

two water molecules sometimes (~20% of the 

time) bridged between Gln 50 and Asn 51 and 

the bases of Thy 4, Gua 5 and Thy 6*.  Water 1 

also bridged between Gln 50 and Asn 51.  These 

direct DNA contacts indicate that helix 3 

continues to form more specific major groove 

contacts in Conformation B than in A.  

 Ordering of the N-terminal arm - The 

contacts by Arg 5 with Gua -1* and Thy 1 

through the minor groove are conserved in the 

trajectories of both conformations (Fig. 6 B,D).  

This remains the only direct hydrogen bond with 

a DNA base in Conformation A.  The N-

terminal residues 1-3 are initially ordered in 

conformation B, and Lys 2 continues to form a 

hydrogen bond with Thy 2* O2 for 35 ns of the 

simulation (Supplemental Fig. S5A).  After that 

the N-terminus of Pdx1 moves outside of the 

minor groove, but Arg 3 and Arg 43 remain in 

contact with the DNA phosphate backbone, 

stabilizing the N-terminal arm (Supplemental 

Fig. S5B-D). It is therefore plausible that Lys 2 

would return to the minor groove in a longer 

simulation.  In contrast to the crystal simulation, 

Arg 43 contacts Thy 4 O2P instead of Ade 3 

O2P when the N-terminal arm is ordered in 

Conformation B (Supplemental Fig. S5 B,E, Fig. 

S4A). His 44 does not contact Arg 43 during the 

solution simulation, unlike the crystal simulation 

(Supplemental Fig. S4C).  

 In conformation A, Lys 2 begins the 

simulation outside of the minor groove and does 

not enter during the simulation.  As seen in the 

crystal simulation, Arg 3 in Conformation A 

enters the minor groove towards the end of the 

simulation, but it never settles in a single 

position, contacting the base of Ade 3 only 

transiently.  The residues that stabilize the N-

terminal arm, Arg 3 and Arg 43, are more 

mobile in conformation A than conformation B 

(Supplemental Fig. S5 B-D).  Arg 43 contacts 

Ade 3 only about a third of the trajectory 

(Supplemental Fig. S5E).   

 Specific phosphate contacts – All five 

hydrogen bonds that were specific to 

Conformation A in the crystal structure were 

accessible to Conformation B.  The Arg 31-Ade 

8* contact is favored in Conformation A.  The 
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position of Arg 31 is stabilized through a 

hydrogen bond with Glu 42 in Conformation A 

(Supplemental Fig. S5F, Fig. 6B).  The contact 

between Tyr 25 and Thy 6* phosphate is 

restricted to Conformation B in the solution 

simulation (Supplemental Fig. S5G, Fig. 6C).  

This contact was accessible to both 

conformations in the crystal structure. 

 Position of the homeodomain with respect to 

the DNA - Clearly different contacts persist 

between conformations A and B through the 50 

ns of the solution simulation.  As mentioned, the 

DNA is highly flexible during the simulation 

indicating DNA bending cannot explain the 

conformational differences.  Instead the overall 

positioning of the homeodomain of Pdx1 

relative to the DNA differs for the two 

conformations, as indicated by the distance 

between Asn 51 C and Ade 3 N7 

(Conformation A – 8.0 ± 0.7 Å, conformation B 

6.4 ± 0.4 Å) (Fig. 5C) and the width of the major 

groove, measured as the distance between the 

phosphorous of Cyt 7* and Thy 1 (Conf A 18.6 

± 0.8 Å, Conf B 20.1 ± 1.0 Å) (Fig. 5D).  Helix 

3 is bound deeper in the major groove in 

conformation B allowing Asn 51 to contact Ade 

3 N7 directly, which may account for the wider 

major groove (Fig. 4A, 5A).   

 Difference in the positioning of the 

homeodomain between the conformations was 

not apparent in the crystal structure: the distance 

between Asn 51 C and Ade 3 N7 was about 6.2 

Å for both conformations. The major groove 

width (Cyt 7* P – Thy 1 P) was different: 19.4 Å 

in Conformation A and 20.8 Å in Conformation 

B.  During the crystal structure simulation, the 

distance between helix 3 and Ade 3 varies 

between 6 and 8 Å in conformation A, and 

between 6 and 7 Å in conformation B.  The 

constraints of the crystal packing therefore 

prevented repositioning of the homeodomain. 

 

DISCUSSION 

 The MD simulation - MD has been applied 

to DNA/homeodomain complexes previously to 

study protein-DNA and water mediated contacts 

(62), the role of salt bridges (63), the role of 

residue 50 (64,65), folding properties of the N-

terminal tail (66), and other studies (56,67-70).  

In general these simulations are initiated from a 

unique structure, assuming that the simulation 

will explore the relevant conformational space.  

In the current study we applied MD to 

investigate two distinct DNA binding 

conformations of the Pdx1 homeodomain to 

determine if the differences were the result of 

crystal packing.  Simulations were carried out in 

the context of a crystal unit cell and in solution.  

The solution simulations generated two different 

conformations of the Pdx1/DNA complex 

depending on the initial conformation derived 

from the crystal structure.  Both conformations 

were stable during the 50 ns simulation.  The 

current study demonstrates the real possibility of 

multiple stable conformations that are not 

accessible during limited simulation times.  

 The AMBER force field ff99SB (46,47) 

used in the simulations reported in this work is 

considered state-of-the-art, and includes several 

refinements for DNA simulations (48,71-73).  

Present computer capabilities allow fully 

atomistic simulations, minimizing artifacts. The 

DNA and protein in these simulations are fully 

solvated with explicit waters; in a relatively 

large box under periodic boundary conditions 

(as opposed to spherical water clusters that may 

experience various surface potential 

discontinuities at the cluster-vacuum or cluster-

continuum interface (74,75)); with full treatment 

of electrostatics (as opposed to cutoffs for 

electrostatic interactions that have been shown 

to produce severe artifacts (76,77)).  Crystal 

simulations at constant pressure and temperature 

(NPT) that exactly reproduce the 

crystallographic cell and symmetries have 

traditionally been used to test and tune force 

fields, as they allow direct comparison with 

experiments, and will also reproduce packing 

effects (42-45,78-81). 

Two stable conformations of Pdx1 bound to 

DNA 

 After the solution simulation Conformation 

B bound DNA specifically while Conformation 

A bound with limited specificity. The unique 
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interactions in the two conformations were due 

to different positions of the homeodomain in the 

major groove of the DNA, with helix 3 buried 

deeper in the major groove in Conformation B 

than in Conformation A (Fig. 4A, 5A).  In 

Conformation B Asn 51 interacts directly with 

Ade 3 in the major groove, and Lys 2 of the N-

terminal arm contacts bases through the minor 

groove.  The proximity of helix 3 to the DNA in 

Conformation B facilitates ordering bridging 

water molecules between the protein and DNA, 

with Gln 50 and Asn 51 (Fig. 5A). These 

bridging water molecules were not observed in 

the Pdx1 crystal structure, but were observed in 

the related Antennapedia structure (60).  

 The Pdx1 homeodomain binds nonspecific 

DNA with only 20-fold lower affinity than the 

consensus site (9,18).  Other homeodomains 

bind DNA with low specificity, as noted for 

Mata2 and Antennapedia (82,83). A structure of 

Mata2 bound to a non-consensus DNA sequence 

demonstrated that the homeodomain was rotated 

with respect to a consensus binding site, altering 

interactions in the major groove and eliminating 

contacts by the N-terminal arm in the minor 

groove. (84).  In contrast to the non-specific 

Mata2 structure, Conformation A of Pdx1 is 

interacting with the consensus DNA binding 

site.  Arg 5 contacts Gua-1* and Thy 1 through 

the minor groove, like the specific conformation.  

Many of the same phosphate contacts position 

helix 3 in the major groove, by Thy 6, Lys 46, 

Arg 53, Lys 55, and Lys 57.  But helix 3 of 

Conformation A is too far from the DNA bases 

to form direct hydrogen bonds; instead Gln 50 

and Asn 51 contact the phosphate backbone 

(Fig. 4A).   

 Conformation A might be a DNA binding 

intermediate in search of specific DNA binding, 

or it might function in binding non-consensus 

sites.  Most known Pdx1 binding sites contain a 

TAAT core sequence (18).  Even so there is 

growing evidence for diversity in the binding of 

homeodomains.  A survey of DNA binding sites 

for mouse homeodomains identified non-

canonical sequences in addition to the known 

tight binding 8-mers (85).  And a non-canonical 

Pdx1 binding site (GGAAAT) in the insulin 

enhancer is functionally important (86).   

 The N-terminal arm - The N-terminal arm is 

proposed to contribute to nonspecific and 

specific DNA binding of homeodomains 

(29,87,88).  In agreement with previous results, 

the solution simulation of free Pdx1 shows the 

N-terminus to be highly disordered (data not 

shown).   

 The MD simulations presented here suggest 

that two conformations of the N-terminal arm of 

Pdx1 can contribute to specificity.  The most 

stable position is Lys 2 bound in the minor 

groove (Supplemental Fig. S5A).  The 

simulations are consistent with the induced fit 

model, in which the position of helix 3 allows 

Arg 43 and Arg 3 to interact with the DNA 

backbone, stabilizing the N-terminal arm 

(Supplemental Fig. S5 B-D) (9). In 

Conformation A Arg 3 inserts in the minor 

groove and contacts the base Thy 2* for some 

time in the crystal simulation (Fig. 3B).  This 

configuration was observed in the structure of 

the Scr-Exd DNA complex (the drosophila 

homolog of Hox5-Pbx1) with a 14 residue N-

terminal extension of Scr, including the YPWM 

Pbx1 binding motif (89).  In that structure the N-

terminal arm was ordered with Arg 3 inserted in 

the minor groove but contacting the phosphate 

backbone.  The authors suggest that Arg 3 is 

positioned by a His residue along the N-terminal 

extension.  Therefore while conformation B 

favors Lys 2 insertion into the minor groove, 

other protein interactions may favor Arg 3 

interactions.  

 What determines the position of helix 3 in 

the major groove? We previously attributed the 

presence of two Pdx1/DNA conformations in the 

crystal structure to the curvature of the DNA in 

conformation B (9).  The differences between 

the two conformations identified in the crystal 

structure diminished during the crystal 

simulation, despite maintaining the average 

curvature of the DNA in conformation B.  In 

contrast, differences between the two 

conformations increased during the solution 

simulations.  Clearly the crystal lattice restrained 
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the Pdx1/DNA conformation, suggesting caution 

when interpreting crystal structures of 

protein/DNA complexes.  A comparison of the 

Antp homeodomain/DNA complex by NMR and 

crystallography indicated contacts by Arg 43 

with Ade 3, and movements of Gln 50 and Asn 

51 in the NMR structure that could not be 

explained from the crystal structure (60).  These 

contacts are consistent with the motions of the 

Pdx1 homeodomain in the MD solution 

simulation.  

 What properties of the two conformations in 

the crystal structure directed the solution 

simulations toward the specific (starting from 

Conformation B) versus less specific (starting 

from Conformation A) complexes?  The average 

DNA sequence was straight during the solution 

simulation of both conformations, indicating that 

DNA bending was not the primary cause.  In the 

crystal structure helix 3 was oriented similarly in 

the major groove of both conformations. The 

specific phosphate contacts formed by 

Conformation A in the crystal structure are 

accessible to Conformation B during the 

solution simulation. Already in the crystal 

structure the major groove contacts are less 

specific in Conformation A: Gln 50 makes a 

phosphate contact, Asn 51 contacts Ade 3 but 

not Ade 2, and the N-terminal residues are 

disordered (Supplemental Fig. S2).  In our 

previous paper we proposed that Arg 43 and Arg 

3 bridge between the major and minor grooves 

to order the N-terminal arm in Conformation B. 

Conversely ordering the N-terminal arm, 

including DNA contacts by Lys2, may stabilize 

helix 3 in its specific position in the major 

groove of the DNA, through bridging contacts 

by Arg 3 and Arg 43 between the major and 

minor grooves.  In Conformation A the N-

terminal arm and Arg 43 are disordered, 

allowing helix 3 to move away from the major 

groove to its non-specific position.  

 

CONCLUSION 

 MD simulations confirm the stability of a 

specific and partially-specific conformation of 

the Pdx1 homeodomain on DNA.  The current 

study supports the importance of positioning of 

the homeodomain relative to DNA to achieve 

specific binding.  The recognition helix is 

positioned through interactions between the N-

terminal arm and the recognition helix. The 

stability of both conformations suggests they 

both play a role in the free energy landscape of 

the complex: either as (meta)stable minima or, a 

kinetically trapped intermediate (Conformation 

A) in search of a global minimum ( 

conformation B). Flexibility in DNA binding of 

the homeodomain may be important in allowing 

Pdx1 to fulfill its multiple functional roles, 

particularly in binding non-consensus DNA 

sequences or in the presence of DNA binding 

partners.  Further structural and MD studies of 

Pdx1 in the presence of partner proteins are 

necessary to characterize DNA binding in the 

context of authentic enhancers. 
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FIGURE LEGENDS 

 

FIGURE 1.  Structure of the Pdx1 homeodomain/DNA complex.  A. Pdx1 (blue ribbon) binding the 

TAAT core DNA sequence (grey).  The N-terminal tail binds in the minor groove, and the 

recognition helix, helix 3, binds in the major groove.  Key residues contacting the DNA are shown as 

stick figures (red): Arg 5 in the minor groove, and Asn 51 in the major groove.  Gln 50 contacts the 

phosphate backbone or the DNA bases through a water-mediated contact.  Arg 3 and Arg 43 (black 

line representation, circled) help stabilize the N-terminal arm and Lys 2 in the minor groove when 

helix 3 is properly positioned in the major groove.  B. DNA sequence and numbering in the crystal 

structure.  The TAAT core sequence is in bold. 

 

FIGURE 2.  Agreement of simulations with the crystal structure. A. Stability of the crystal 

simulation.  Mass weighted root mean square deviation (Å) (RMSD) relative to the crystal structure 

(pdb 2H1K) for the eight Pdx1/DNA complexes comprising the crystal unit cell during unrestrained 

molecular dynamics: conformation A (top panel) and conformation B (bottom panel). Prior to 

averaging, the trajectory frames were aligned to minimize their RMSDs with respect to a common 

frame.  The colors correspond to the different asymmetric units: black, red, green and blue in 

asymmetric units 1, 2, 3 and 4, respectively (see Supplemental Fig. S1). B. Stability of the solution 

simulation.  Mass weighted RMSD relative to Conformation A (black) and B (red) of the crystal 

structure starting from Conformation A (top panel) or starting from Conformation B (bottom panel).  

Both simulations were closer to Conformation A from the crystal structure.  

 

FIGURE 3. N-terminal arm contacts in the crystal simulation. A. In Conformation B, the N-terminal 

arm is mostly ordered with Lys 2 hydrogen bonding with the base of Thy 2* O2.  In model B4 (blue) 

the N-terminal arm escapes from the minor groove.  B. The N-terminal arm in Conformation A starts 

the simulation disordered.  Lys 2 never enters the minor groove, but Arg 3 enters the minor groove in 

model A2 (red) and A4 (blue). The colors represent one of the four asymmetric units as depicted in 

Supplemental Fig. S1: A1, B1 black; A2, B2 red; A3, B3 green; A4, B4 blue. 

 

FIGURE 4.  Contacts by helix 3 in the major groove of Conformation A during the solution 

simulation.  A. Ribbon diagram looking into helix 3 and the major groove.  Gln 50 and Asn 51 

(labeled as Q50 and N51) contact the phosphate backbone only, with Cyt 7* and Ade 2, respectively 

(blue dashed lines).  Gln 50 is within van der Waals contact of Thy 6* C7 (green, connect by a red 

dotted line).  About 7% of the time a water molecule (W3) mediates contact between Asn 51 and Ade 

3 (green).  The position of helix 3 in the major groove is measured by the distance between Asn 51 C-

alpha to Ade 3 N7 (8.4 Å), and the width of the major groove: Thy 1 P – Cyt 7* P (18.3 Å).  The 

structure represents interactions at 30 ns of the simulation.  B. Asn 51 contacts the backbone of Ade 2 

O2P only in Conformation A (black), not in Conformation B (red).  C. Gln 50 contacts the phosphate 

backbone of Cyt 7* O2P only in Conformation A (black), not in Conformation B (red).  

 

FIGURE 5.  Contacts by helix 3 in the major groove of Conformation B during the solution 

simulation.  A. Ribbon diagram looking into helix 3 and the major groove.  Asn 51 contacts Ade 3 

directly (blue dotted line).  Gln 50 makes no direct contact with the DNA.  ~20% of the time, water 

mediated contacts bridge between Gln 50 and Asn 51 (W1) and Gln 50 and DNA bases (in green) 

(W2).  Distances show helix 3 binds deeper in the major groove (Asn 51 C-alpha to Ade 3 N7 

distance 6.15 Å), and the major groove is slightly wider than in Conformation A (Thy 1 P – Cyt 7* P 

distance 19.9 Å).  B. Asn 51 forms a direct hydrogen bond with the base Ade 3 N7 only in 
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Conformation B (red), not in Conformation A (black). C and D the position of the homeodomain 

differs in Conformation A and Conformation B during the solution simulation. C. Helix 3 binds 

closer to the DNA in Conformation B (red) than Conformation A (black), as measured by the distance 

between Asn 51 and Ade 3.  D. The major groove is wider in Conformation B than Conformation A 

during most of the solution simulation, as measured by the Cyt 7* P-Thy 1 P distance.  This is 

consistent with Pdx1 binding deeper in the DNA major groove in Conformation B.  

 

FIGURE 6. Interactions specific to Conformation A and B after 30 ns of the solution simulation.  A 

and B Conformation A.  C and D Conformation B. The base contacts by Arg 5 are identical in both 

conformations (red, underlined). Invariant (in Conformation A and B) contacts with the phosphate 

backbone include (cyan): Lys 46 – Ade 8* O2P, Arg 53 – Thy 6* O2P, Lys 57 – Cyt 5* O2P, Lys 55 

– Thy 1 O2P, and Thy6 – Ade 3 O1P. The intramolecular hydrogen bond Arg 53 – Lys 24 is also 

conserved (circled).  A. Hydrogen bond interactions by Pdx1 Conformation A (grey ribbon) with the 

DNA. Contacts unique to Conformation A (green, underlined) include a phosphate contact by Arg 31 

with Ade 8*, in the major groove opposite the N-terminal arm, and the intramolecular contact 

between Arg 31 and Glu 42.  B. Conformation A viewed looking into the minor groove.  Residues 1-

4 of the N-terminal arm are highly mobile in the solution simulation.  Asn 51 and Glu 50 contact 

backbone phosphates in the major groove (black lines).  C. Hydrogen bonds by Pdx1 Conformation B 

(grey) with the DNA during the solution simulation, facing helix 3 in the major groove.  Contacts 

unique to Conformation B (green, underlined) include a phosphate contacts by Tyr 25 – Thy6* O1P. 

D. Conformation B viewed looking into the minor groove. Arg 3 and Arg 43 hydrogen bond with the 

backbone of Thy 4 (green, underlined), assisting in stabilizing the N-terminal arm in the minor groove 

and the interaction by Lys 2 with the bases of Thy 2* and Ade 3. Asn 51 contacts Ade 3 the major 

groove (black line). 
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FIGURE 1 
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FIGURE 2 
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FIGURE 3 
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FIGURE 4 
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FIGURE 5 
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FIGURE 6 
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SUPPLEMENTAL FIGURES 

 

FIGURE S1.  Packing of the Pdx1/DNA complex in the unit cell of the crystal structure.  Each 

asymmetric unit contains two Pdx1 monomers in Conformation A (yellow) and Conformation B 

(magenta), and two DNA strands (colored black, red, green and blue in asymmetric unit 1, 2, 3 and 4, 

respectively).  The packing constraints differ for each model during the crystal simulation. B1 and A4 

are the most constrained by crystal contacts, including the N-terminal arm; in A1 and B4 the helices 

are constrained but not the N-terminal arm; and A2, A3, B2 and B3 are not constrained by crystal 

contacts. 

 

FIGURE S2.  Hydrogen bond contacts with the DNA differ between Conformation A and B in the 

Pdx1 homeodomain/DNA crystal structure (pdbid 2H1K). A. In both conformations Arg 5 contacts 

Thy 1 and Gua -1* through the minor grove, and Asn 51 contacts Ade 3 through the major grove. B. 

Differences in the DNA contacts between Conformations A (orange) and B (blue). Conformation B 

makes additional base contacts by Asn 51, by Lys 2 from the ordered N-terminal arm, and a water-

mediated contact by Gln 50.  Conformation A forms additional phosphate contacts (filled circles).  

Arrows represent hydrogen bonds.  

 

FIGURE S3.  Different contacts between Conformations A and B in the crystal simulation. 

A In Conformation A the hydrogen bond between Asn 51 and Ade 3 is lost in all models.  B. In 

Conformation B the contact between Asn 51 and Ade 3 is more consistent than Conformation A, but 

still lost in all but model B2. C. In Conformation A when Asn 51 is not contacting the base of Ade 3 

it frequently forms a hydrogen bond with the phosphate backbone of Ade 2.  This contact is favored 

in the solution simulation of Conformation A, and is not formed in Conformation B (see Figure 4). D. 

In Conformation A Lys 46 contacts the phosphate backbone of Ade 8*.  This is one of the backbone-

specific contacts in Conformation A.  E. In Conformation B the side chain of Lys 46 is more mobile 

than in Conformation A. 

 

FIGURE S4.  Contacts stabilizing the N-terminal arm in Conformation B during the crystal 

simulation.  The N-terminal arm is stabilized by contacts by Arg 43 in the major groove and Arg 3 in 

the minor grove. A. In Conformation B, Arg 43 contacts the phosphate backbone of Ade 3.  This 

contact is broken in model B4 (blue) after the N-terminal arm escapes the minor groove.  B. Arg 3 

generally contacts the phosphate backbone of Thy 4, and C. Arg 43 contacts His 44 in Conformation 

B, but D. not in Conformation A.  E. In Conformation A Arg 43 is generally mobile except in models 

A2 (red) and A3 (green) in which Arg 43 contacts the phosphate backbone of Thy 4.  In model A2 

(red) this contact correlates with insertion of Arg 3 into the minor groove, before 30 ns (Figure 3B).  

 
FIGURE S5.  Contacts stabilizing the N-terminal arm in Conformation B during the solution 

simulation. A. Lys 2 remains in the minor groove in Conformation B (red) for about 35 ns, contacting 

the base of Thy 2*. The N-terminal arm is disordered in conformation A (black).  B. Arg 43 contacts 

the phosphate backbone of Thy 4 in Conformation B (red). C. Arg 3 contacts the phosphate backbone 

of Thy 4 in Conformation B for about 25% of the trajectory. D. Arg 43 and Arg 3 may interact 

through pi-pi stacking in Conformation B only. E. In Conformation A, Arg 43 contacts the phosphate 

backbone of Ade 3 during about 1/3 of the solution simulation (black).  F. In Conformation A Glu 42 

interacts with Arg 31 (black) and stabilizes the phosphate contact between Arg 31 and Ade 8*, the 

only specific phosphate contact remaining in Conformation A.  G. A hydrogen bond between Tyr 25 

OH and Thy 6* O1P is unique to Conformation B (red).  
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FIGURE S1 
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FIGURE S2 
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FIGURE S3 
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FIGURE S4 
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FIGURE S5 

 
 


