
ABSTRACT 

COCO, MATTHEW WILLIAM. The Structural Dynamics of DCoH2 S51Q and 

Identification of the Residue 51 “Kinetic Hot Spot”.  (Under the direction of Dr. Robert 

Rose). 

The Dimerization Cofactor of HNF1 (DCoH) is a bifunctional protein.  It was first 

discovered as an enzyme recycling tetrahydrobiopterin as a homotetramer.  It was later found 

that a dimer of DCoH may oligomerize with a dimer from the HNF1 transcription factor 

family to form a heterotetramer, which acts as a transcriptional co-activator.  In mammals, 

two DCoH isoforms exist: DCoH1 and DCoH2.  Either paralog is capable of forming the 

homo or heterotetramer and may execute the respective functions.  The oligomerization 

interface of DCoH is highly conserved, but it has been shown that a mutation at the 51st 

residue greatly influences the stability and folding profiles.  Previous measurements of the 

DCoH stability were attributed to properties of the homotetramer.  In order to confirm this 

interpretation, we studied the S51Q mutation in DCoH2 which forms a stable dimer.  We 

show that the DCoH2 dimer is much less stable than the wild type homotetramer and unfolds 

rapidly.  We model folding of the dimer between two states: unfolded monomers and folded 

dimers.  Our results support the interpretation that the DCoH tetramers unfold slowly and the 

DCoH1 and DCoH2 S51T homotetramers are kinetically trapped.  The S51Q mutation 

supports the idea that residue 51 is a kinetic hot spot regulating stability.  
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CHAPTER 1 – Introduction 

Introduction  

Pterin-4a-carbinolamin dehydratase (PCD) is one of the primary enzymes used by 

archaea, bacteria, and eukaryotes in the biopterin cofactor-recycling pathways and is highly 

conserved throughout all organisms (1-3).  In higher order species, it catalyzes the 

dehydration of the oxidized form of tetrahydrobiopterin (THB), 4a-hydroxy-

tetrahydrobiopterin, to quinoid dihydrobiopterin (4-5).  In these organisms, PCD functions as 

a terameric multimer with four catalytic sites, one substrate binding site per monomer (3, 6-

7).  PCD has since evolved to become a multifunctional protein (1-11).   

 Just as in many other species, mammalian PCD catalyzes the dehydration of oxidized 

THB.  A homotetramer made of a dimer of PCD dimers forms in the cytoplasm, preventing 

localization to the nucleus (11).  This cytoplasmic localization therefore leads to the 

enzymatic activity being predominantly located within the cytoplasm (4-5).  Mammalian 

tetrameric PCD is capable of catalyzing four reactions at once, with one active site per 

monomer (12).  

 THB is an essential co-factor involved with the catalytic function of phenylalanine 

hydroxylase, tryptophan hydroxylase, and tyrosine hydroxylase (14-17).  In this reaction, 

THB is oxidized and donates a pair of electrons essential for enzymatic catalysis of 

phenylalanine, tryptophan, and tyrosine (16).  Hyperphenylalaninemia (HPA) is a disease 

commonly associated with a reduced THB concentration.  A lack of THB leads to a surplus 

of phenylalanine due to the inactivity of phenylalanine hydroxylase.  Increased 

concentrations of this amino acid may lead to phenylketonuria (PKU), which causes mental 
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retardation and severe health problems.  A mild form of the disease is a consequence of a 

mutated PCD gene, resulting in reduced enzymatic activity and minimal regeneration of THB 

(3, 6, 18). 

 The eukaryotic PCD homotetramer is formed by the binding of two like PCD dimers, 

a dimer of dimers.  The two dimers will associate in a saddle shaped conformation, where 

one is rotated 90° in relation to the other (Fig. 1.1).   This oligomerization is mediated by 

alpha helix two (alpha-2) from each PCD monomer where these helices associate to form a 

stable 4-helix bundle tetramerization interface.  Alpha-2 is highly conserved through the 

eukaryotic kingdom, and has only two amino acid variations between the human PCD 

paralogs (2, 12-13).  

PCD is also known as the Dimerization Cofactor of HNF1 (DCoH) due to its 

secondary activity.  It functions as a transcriptional co-activator of the hepatocyte nuclear 

factor 1 (HNF1) family of transcription factors (TF) (19-23).  DCoH is capable of binding 

both HNF1-α and HNF1-β, and stabilizes the HNF1 complex and/or mediates the association 

of alternative regulators (8-9).  Complex formation is facilitated by a dimer of DCoH 

proteins associating with a HNF1 dimer, creating a 4-helix bundle (Fig. 1.2).  Alpha-2 from 

each monomer of DCoH will bind to the dimerization domain of HNF1.   Thus, a 

heterotetramer made up of a dimer of dimers is formed (22-23). Interestingly enough, the 

DCoH-HNF1 heterotetramer is primarily located within the cell’s nucleus.  DCoH does not, 

however, have a nuclear localization sequence.  Thus, association with HNF1 is required to 

maintain and localize the heterotetramer within the nucleus (9, 28). 
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DCoH does not directly bind DNA itself.  Instead, it increases HNF1’s transcriptional 

activation activity by stabilizing the HNF1 complex (8-9, 24-25).  HNF1 is an essential 

transcription factor in the liver, kidney, intestine, and pancreas (26-27).  One major disease 

associated with malfunctioning HNF1 is Maturity Onset Diabetes of the Young (MODY).  

MODY is an autosomal dominant disease that affects about 2-5% of the diabetic population.  

This disease is characterized by an ineffective production and secretion of insulin from the 

pancreatic beta cells (8).   

MODY would also be an expected result of DCoH knock out organisms.  However, 

this is not the case.  In a study using DCoH knock out mice, only minor diabetic symptoms 

were observed along with HPA.  This led to the hypothesis that another species or paralog of 

DCoH that mediates the activation of the HNF1 TF must exist.  By isolating the HNF1 from 

these knock out mice, another form of DCoH was co-purified.  It was then discovered that a 

paralog of DCoH exists (29-31). 

DCoH1 and DCoH2 were thus designated as the two mammalian paralogs of DCoH.  

Through sequence alignment, it is shown that the human paralogs are 61% identical (Fig. 

1.3).  While the sequences may be different, the function of both remains the same and both 

are structurally conserved.  DCoH1 and DCoH2 are both capable of performing either 

enzymatic and co-activation activity, and may form either the homo or heterotetramer (2, 28, 

31).  One of the major differences between the two species is their expression profiles.  

DCoH1 is predominantly found within the liver, while DCoH2 is found in higher 

concentrations in the muscle and is overexpressed in liver cancer and colon cancer cells (20, 

30).  
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Structurally, mammalian DCoH1 and DCoH2 are highly conserved.  The homo and 

heterotetramers are both formed in identical ways and compete for the same tetramerization 

interface in either DCoH specie (12, 28, 31).  The interfaces differ within the alpha-2 at 

residue 45 and 51.  DCoH1 has an Arg and Thr at amino acid 45 and 51, respectively, while 

DCoH2 has a Gln and a Ser (16, 22, 26).  Even though these changes are minor, the stability 

of the homotetramer is significantly altered.  DCoH1 forms an extremely stable 

homotetramer that presents hysteresis in its folding profile.  To unfold the DCoH1 

homotetramer, it requires high concentrations of the denaturant guanidine hydrochloride 

(GndHCl) with a denaturant concentration at which 50% of the molecules are unfolded (Cm) 

of about 3M GndHCl.  Conversely, refolding occurred at a low concentration of GndHCl.   A 

Cm value of about 1.25M GndHCl was observed.  DCoH2 did not show this folding 

hysteresis.  Unfolding and refolding of the DCoH2 homotetramers were able to reach 

equilibrium within a 24hr incubation period, and presented a Cm of about 1.5M GndHCl 

(32).    

A significant consequence of this differing stability is how readily the paralogs 

interact with HNF1.  Because DCoH1 forms such a stable homotetramer, it is unable to 

interact with HNF1 in solution.  DCoH1, therefore, becomes trapped as a homotetramer upon 

formation.  For the HNF1-DCoH1 heterotetramer to form, co-folding of the 2 species is 

required.  DCoH2 does not present this characteristic.  DCoH2 exists in equilibrium between 

the homo and heteromultimer states.  Either oligomer is able to form by simple mixing of the 

species (17, 31-32). 
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To determine the cause of this stability variation, alpha-2 mutants of the paralogs 

were generated.  It was shown that the 51
st
 residue was essential in determining the folding 

profile of either species.  If Thr51 of DCoH1 was mutated to Ser, as seen in DCoH2, the 

DCoH1 T51S mutant lost the folding hysteresis as seen in wt-DCoH1.  The equilibrium 

folding curves became similar to that of DCoH2.  Hysteresis could also be produced in 

DCoH2.  If Ser51 was mutated to Thr, as seen in DCoH1, folding hysteresis was induced in 

DCoH2.  Surprisingly, the stability of the DCoH2 S51T mutant was shown to form a more 

stable multimer than wild type DCoH1 (32).  This was not expected because DCoH1 was 

considered more stable than DCoH2. 

Due to the fact that hysteresis is present in the DCoH1 homotetramer, the 

thermodynamic contribution of residue 51 cannot be directly determined.  However, it may 

be inferred from previous data why there is a difference between paralog stability and what 

may contribute to this variance.  For the DCoH species that have a Ser at the 51
st
 residue 

within the alpha-2, it is known that a water molecule binds to the Ser in the tetramerization 

interface.  It was proposed that this water molecule leads to the reduced stability in these 

homotetramers.  The binding of a water molecule to a hydrophobic pocket and its 

immobilization could easily induce this structural instability found in wt-DCoH2 and DCoH1 

T51S (16, 19, 32). 

Due to these characteristics it is believed that the DCoH1 homotetramer may be 

kinetically trapped instead of thermodynamically stable.  In theory, the DCoH1 

homotetramer is in its completely folded, lowest energy state and will not transition to a 

heterotetramer or denature due to high free energy barriers (31).  A common indicator of 
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kinetically stable species is the presence of folding hysteresis and hypersensitivity to 

mutation (30-31).  Both of which are observed in the DCoH1 homotetramer.  The slow 

unfolding of the DCoH2 S51T homotetramer supports the idea that DCoH1 (which has a 

Thr51) is kinetically trapped.  There is also no current evidence of an intermediate state or 

interacting chaperons for the species, further supports this mechanism of regulation.  But 

because we are unable to distinguish between the tetramer from the dimer by CD or 

fluorescence, we want to interpret the DCoH dimer.   

The focus of this project was to analyze the dimer conformation of mammalian 

DCoH.  Specifically we evaluate the stability of a DCoH dimer, determine the kinetic profile 

of the specie, and hypothesize what is observed during homotetramer hysteresis.  This 

understanding could then potentially be extrapolated to help improve our understanding of 

the DCoH oligomeric switch. 

To investigate the stability of the DCoH2 dimer, a mutant of DCoH2 was generated 

to allow for the isolation of a dimeric state oligomer.  S51 was mutated to a Gln in attempts 

to destabilize the tetramer but preserve dimerization.  In silico, it was shown that this 

mutation creates steric clashing about the tetramerization interface, with minimal interference 

to the dimerization site.  As well, generation of a mammalian dimer is not a farfetched idea.  

PCD is known to form an active dimer in both archaea and prokaryotes.  This shows dimers 

of DCoH are known to exist (34).  We demonstrate that the DCoH2 dimer is less stable than 

the DCoH2 and DCoH2 S51T homotetramers, and begin to predict what is observed within 

the unfolding hysteresis of DCoH2 S51T. 
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Tables and Figures 

 

Figure 1.1:  PyMOL Structure of the PCD Homotetramer 

The ribbon diagram of the PCD homotetramer as rendered by PyMOL.   The structure (lime 

green) is composed of a pair of DCoH dimers forming a 4-helix bundle tetramerization 

interface (35). 

 
 

 

 



 

8 

 

Figure 1.2: PyMOL Structure of the DCoH-HNF1 Heterotetramer  

The ribbon diagram of the DCoH heterotetramer as rendered by PyMOL.   The structure is 

composed of a DCoH dimer (Blue) interacting with a HNF1 dimer (purple) forming a 4-helix 

bundle tetramerization interface (35). 
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Figure 1.3: Amino Acid Sequence Alignment of Human DCoH1, Human DCoH2,  

                    and Mouse DCoH2 

 

The sequence alignment of human DCoH1, human DCoH2, and mouse DCoH2.  The human 

paralogs are shown to share 61% sequence identity, and human and mouse DCoH2 are 88% 

identical.  Alpha helix two (alpha-2) within each sequence is underlined. The red lettering 

highlights the amino acid difference in the DCoH1 isoform’s alpha-2.  R45 and T51 are 

observed in DCoH1, while human and mouse DCoH2 have a Q45 and a S51.  National 

Center for Biotechnology Information’s (NCBI) Protein database was used to collect protein 

sequences. 
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CHAPTER 2 - Experimental Procedures  

Subcloning, Ethanol Precipitation, and PCR Verification 

  

The DCoH2 S51Q mutant was originally subcloned into the pGEX vector by Emilie 

Wang, a former PhD student in the Rose Lab.  The purification procedure of His-tagged 

DCoH is simpler than GST-DCoH, so I subcloned DCoH2 S51Q from the pGEX vector into 

a His-tag pET24b vector.  All hybrid plasmids were generated to contain a desired DCoH 

gene for expression, a 6X His-tag for isolation, and an antibiotic resistance gene for 

selection. First, Miniprepped plasmid-DNA was double digested with BamHI and EcoRI 

restriction endonucleases (New England Biolabs).  The pET vector and DCoH2 S51Q insert 

from the restriction digest were then gel purified using a 1% Agarose gel run at 100V for 

sixty minutes.  The DNA fragments were extracted from the gel using the QIAquick gel 

extraction kit (Cat. No. 28704), according to the manufacturer’s protocol.   

  The purified material was then concentrated by ethanol precipitation. One tenth 

volume of 3M NaOAc, and 2 volumes of 100% cold ethanol were added to the DNA 

solution.  Samples were then chilled in a -80
0
C freezer for 30 minutes to allow for 

precipitation.  Once precipitation had finalized, samples were spun for 20 minutes at 13.2k 

rpm, decanted, and 700ul of 70% cold ethanol was added to the pellet.  The slurry was then 

spun at max speed for another 10 minutes and decanted again, preserving the pellet.  Samples 

were vacuum dried and resuspended in autoclaved double distilled water (DD water). 

 The desired DCoH gene and opened vector were then ligated following a quick 

ligation protocol.  50ng of DNA vector were combined with 3 fold molar excess of insert and 

brought to 20ul using DD water.  1ul of T4 DNA ligase was then mixed into the solution, and 
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allowed to incubate at room temperature for 5 minutes.  The ligated vector was then 

immediately transformed into competent DH5α E. coli cells.  Transformed cells were then 

plated on Kanamycin (Kan) Luria Bertani (LB) agar plates, and colonies were allowed to 

grow overnight. 

 To confirm successful gene insertion and vector ligation, random colonies were 

selected and tested for the DCoH gene insert by colony PCR.  The pET T7-fwrd and T7-rev 

primers were used along with GoTaq Green Master Mix (Promega) for confirmation.  First, 

the primers were thawed on ice.  Individual PCR reactions were then prepared by mixing 

12.5ul of 2X GoTaq Master Mix, 0.25-2.5ul upstream primer, and 0.25-2.5ul downstream 

primer and brought to 25ul using nuclease free water.  A portion of a randomly selected 

bacterial colony was then added to the reaction vial and ran through a PCR cycler.  The PCR 

conditions were as follows: 1) 95
0
C for 2 minutes, 2) 95

0
C for 30 seconds, 3) 59

0
C for 1 

minute, 4) 72
0
C for 2 minutes, 5) 72

0
C for 5 minutes.  Steps 2 through 4 were repeated back-

to-back thirty five times before proceeding to step five.  The individual PCR products were 

then run on a 1% Agarose gel, at 100V for sixty minutes, to determine which colonies had 

successfully been transformed.  Colonies containing the full vector-gene plasmid, as 

determined by plasmid molecular weight, were then mini-prepped to isolate the plasmid 

material.  

 BL21 Star (DE3) E. coli cells (Invitrogen) were then transformed using the isolated 

plasmid material from the successfully transformed DH5α E coli cells.  A glycerol stock of 

the transformed BL-25 cells was then prepared to allow for cell line preservation. 
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Transformation and Positive Selection 

First cells were thawed, on ice, and divided into 50ul aliquots.  0.5ul of plasmid DNA 

was then added to each aliquot, and allowed to incubate on ice for 10-30 minutes.  After this 

period, the cells were heat shocked for sixty seconds in a 42°C water bath and chilled on ice 

for five minutes.  

 Once the transformation reaction had completed, 950ul of autoclaved LB media was 

added to each aliquot.  The cells were allowed to recover from the treatment and grow at 

37°C for one hour.  Two dilutions from each liquid culture, 100ul and 10ul + 90ul LB, were 

then plated on antibiotic LB Agar plates and incubated overnight at 37°C. This allowed for 

colony growth.  If a bacterial lawn formed on the plate, it was discarded.  

 Once colony formation had completed, a positive selection for successfully 

transformed cells was performed.  Colonies from the LB Agar plates were selected at 

random, and a portion from each colony was added to 10ml of an LB-antibiotic solution.  

The solutions were prepared by combining 10ul of 50mg/ml antibiotic to 10ml of sterile LB.  

Kanamycin (Kan) was used to select for pET vector transformed cells, while ampicillin was 

used against the pGEX vector.  The cultures were incubating for 24hrs in a 37°C shaker to 

allow for selection and cellular proliferation.  After the 24hr period, the liquid cultures were 

spun down at 1,900g’s for twenty minutes and decanted.  Pellets were stored at -20°C until 

ready for further use.  Successful plasmid isolation was confirmed by DNA sequencing 

through Eton BioScience.  Following the QIAGEN protocol, plasmid DNA for sequencing 

was isolated from the cells using a QIAprep Spin Miniprep Kit (Cat. No. 27106). 
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Glycerol Stock Preparation 

  First, BL21 E. coli cells were grown to mid log phase in 10ml of LB media, Optical 

Densities (OD) of 0.6 to 0.9 at 600nm wavelength of light.  In a sterile cryo-tube, 800ul of 

the bacterial solution was combined with 200ul of 80% autoclaved glycerol.  The slurry was 

then briefly vortexted and stored at -80
0
C.  To culture cells from the glycerol stock, a sterile 

pipet tip was drug across the frozen stock, rapid enough to prevent thawing, and thrown into 

sterile LB-Kan liquid media.  

 

 

DCoH Overexpression and Purification 

 

DCoH genes were overexpressed using transformed BL21 Star (DE3) E. coli cells.  

First, 250ml of an overnight LB culture was prepared from the glycerol cell stock.  After 

24hrs of proliferation, 150mL of the overnight culture was diluted into 1L of sterile LB.  

Cells were then allowed to grown at 37°C to an O.D.600 of 0.6~0.9 in the 1L batches.  Once 

mid log phase was reached, expression of the DCoH gene was induced by adding 100ul of 

1M IPTG, to a final concentration of 1mM, of isopropyl-β-D-thiogalactopyranoside (IPTG, 

Gold Biotechnology
®

).  Expression was induced for 4hrs.  Cultures were then centrifuged, 

and pellets were collected and stored at -80°C.  Small samples of cell pellet were run on an 

SDS-PAGE NEXT gel (Proteomics Grade, 12.5%, AMRESCO
®
), against un-induced cells, 

to screen for successful induction. 

To purify the protein, frozen pellets were defrosted on ice and resuspended in 30mL 

of chilled lysis buffer: 700mM NaCl, 100mM Tris-HCl, 10mM β-mercaptoethanol, and 

10mM imidazole (Alfa Aesar), pH 7.5.  Cells were then placed on ice and subjected to 20W 
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sonication for twenty minutes at one minute intervals with a minute rest between each 

interval.  The slurry was then centrifuged at 9,000g for 30min at 4°C to remove cellular 

debris.  

 Using HIS-Select Nickel® Affinity Gel (Sigma), His-tagged DCoH was isolated by 

batch purification.  3ml of new affinity gel was conditioned by running 3 fold volume of lysis 

buffer over the beads.  The beads were then mixed with the cellular lysate supernatant for 1hr 

at 4°C, allowing for gel and His-tag binding.  The sample was then transferred to a gravity 

elution column and washed with 100ml of lysis buffer.  Subsequently, wash buffer [700mM 

NaCl, 100mM Tris-HCl, 10mM β-mercaptoethanol, and 30 mM imidazole (Alfa Aesar), pH 

7.5] was passed through the column until the eluting fluid had an absorbance of 0.03 or less 

at 280nm light (A280).  Elution of the protein was completed by washing 50ml of elution 

buffer [700mM NaCl, 100mM Tris-HCl, 10mM β-mercaptoethanol, and 250 mM imidazole 

(Alfa Aesar), pH 7.5] through the column.  7-8ml fractions were collected as the elution ran 

off.  His-tagged DCoH was then dialyzed into high salt PBS [700 mM NaCl, 2.7 mM KCl, 

10 mM Na2HPO4, and 1.8 mM KH2PO4, pH 7.5] and stored at 4°C. 

 

 

His-Tag Cleavage 

 

 When testing for methods to increase the solubility of DCoH2 S51Q, the 6X His-tag 

was cleaved off in certain trials.  First the sample of DCoH in the high salt PBS was dialyzed 

into PBS: 140 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, and 1.8 mM KH2PO4, pH 7.5.  In 

a sterile conical, 1 unit of thrombin (MP Biomedicals) was added per milligram of protein.  

The digestion was allowed to incubate for twenty four hours at 4°C.  A SDS-PAGE gel was 
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run to confirm total cleavage of the His-tag.  Once the digestion had completed, a low-speed, 

3kDa Molecular Weight Cut-Off (MWCO) Amicon Centrifugal Filter Unit (Millipore) was 

used to remove the His-tag from solution. 

 

 

DCoH Concentration and Dialysis 

 

 Concentration of DCoH in solution was determined by UV absorbance using the 

extinction coefficient of 19480 M
-1

cm
-1

.  The monomer concentration of the DCoH protein is 

reported throughout the paper.  To concentrate DCoH in solution a low-speed, 3kDa MWCO 

Amicon Centrifugal Filter Unit was used.  Units were spun at a maximum of 4,000g, until 

desired concentration of DCoH was reached.  To prevent precipitation, the protein was 

concentrated using high salt PBS or lysis buffer.   

For solubility, equilibrium folding, and kinetic studies, the samples were dialyzed into 

desired buffer solution in two stages.  First a conditioned dialysis bag filled with the protein 

solution was soaked in 1L of desired buffer for 2hrs at 4
o
C, and then soaked in 1L of fresh 

desired buffer solution overnight.   Fisherbrand Dialysis Tubing, with a MWCO of 3.5kDa, 

was used to perform all dialysis. 

 

Size Exclusion Chromatography 

Size exclusion chromatography was used to determine the molecular weight of the 

isolated DCoH samples.  A HiPrep 16/60 sephacryl S-200 column (GE Healthcare Life 

Sciences) was used to perform the gel filtration runs.  The column was first equilibrated with 

1.5 fold column volumes of the sample buffer at a rate of 1.00ml per minute through the 
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column.  1.5mg of sample protein was then loaded onto the column at a flow rate of 0.5ml 

per minute.  2 column volumes of sample buffer were then washed through to fully elute the 

sample.  UV absorbance of 280nm light (A280) to identify the elution peaks.  Standards were 

run under the same conditions; however, the amount loaded onto the column was determined 

by the GE Healthcare protocol. 

 

 

Equilibrium Unfolding and Refolding Analysis 

  

 Through the use of tryptophan fluorescence, DCoH’s equilibrium folding and 

unfolding dependence on guanidinium hydrochloride (GndHCl, Pierce) was characterized.  

DCoH was denatured at differing GndHCl concentrations, thus inducing a change in intrinsic 

tryptophan fluorescence.  This change was monitored at room temperature using a PTIC-61 

spectrofluorometer (Photon Technology International, Birmingham, NJ) by exciting samples 

with 280nm light.  Fluorescence data were collected from 300nm-400nm at a scan rate of 

1nm/s.  280nm light was used as the excitation wavelength in all experiments because each 

DCoH2 monomer has three Trp residues and one Tyr residue.  Thus, the emission profile is 

dominated by Trp emission.  Through the use of equation 1, the average emission wavelength 

(AEW) was calculated.  Ii is the absolute fluorescence intensity with the base line removed at 

the wavelength “λI”.  Baselines were obtained by monitoring all equilibrium sample 

conditions in the absence of protein. 

Equation 1:  AEW = ∑(Ii x λi) 

                                      ∑Ii 
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 For equilibrium unfolding analysis, dilutions of GndHCl were prepared in PBS.  

Samples of native DCoH were then added to the GndHCl dilution series and allowed to 

incubate for 24hrs.  To minimize protein loss, samples were prepared in 2ml low-retention 

microcentrifuge tubes (Fisher Scientific).  DCoH2 S51Q’s unfolding concentration 

dependence was measured at 4.8uM protein.   

 For refolding measurements, DCoH2 samples were initially denatured by incubating 

samples at 4M GndHCl in PBS for 24 hours at room temperature.  A concentration of 6.4M 

GndHCl was required for DCoH2 S51T’s preliminary denaturation.  4.8uM of denatured 

DCoH was then diluted into a dilution series of GndHCl in PBS.  These samples were then 

allowed to equilibrate for 24 hours, and fluorescence data were collected and analyzed under 

the same procedure as unfolding. 

 Equilibrium unfolding and refolding was also confirmed by Circular Dichroism (CD).  

Samples were examined using a PiStar spectrophotometer (Applied Photophysics, Surrey, 

UK) under a series of GndHCl concentrations for a 30 second time period, with one reading 

per second.  Samples were prepared under the same conditions and by similar methods as 

fluorescence analysis at 4.8uM and 16uM DCoH.  The data at a peak wavelength of 225nm 

were collected for the 4.8uM DCoH samples, while the peak wavelength of 232nm was 

monitored for the 16uM DCoH samples.  The peak wavelength was selected to reduce noise 

in the collected data.  The 4.8uM samples were reused for both the CD and fluorescence 

analysis, with fluorescence was always run first. 

 Before any conditions were prepared, the concentration of stock GndHCl was 

confirmed by refractive index analysis using a Fischer Scientific refractometer.  All 4.8uM 
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equilibrium reactions were set up in triplicate and 16uM in duplicate, allowing for average 

values and standard deviations to be calculated. 

 

 

Kinetic Refolding and Unfolding Analysis  

 

The kinetic refolding and unfolding of DCoH2 S51Q is dependent on GndHCl 

concentration.  Analysis of this characteristic was determined by far UV CD 

spectrophotometry.  All measurements were collected at 225nm light at room temperature 

under varying concentrations of GndHCl in PBS.  Data collection continued until refolding 

or unfolding had reached completion; completion was determined once the CD signal had 

plateaued for over 40 seconds. 

For unfolding analysis, samples of 4.8uM native DCoH were prepared in PBS.  Once 

ready for data acquisition, unfolding was initiated by the addition of GndHCl.  GndHCl was 

hand mixed into the solution while samples were in the CD, to optimize data collection.  The 

unfolding reaction was allowed to continue until completion, and data were collected over 

this time frame. 

Refolding analysis followed a similar protocol.  Samples of differing concentrations 

of GndHCl in PBS were prepared, without the addition of protein.  Once ready for data 

collection, fully denatured protein was added to the solution until a final concentration of 

4.8uM DCoH was reached.  A protein stock of fully denatured DCoH was prepared prior, by 

incubating it in 4M GndHCl for 24hrs.  Data collection was allowed to continue until the 

reaction had completed. Solutions were hand mixed while in the CD, to optimize data 

collection 
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DCoH2 S51Q unfolded and refolded on a time scale of minutes.  The fast rate of 

reaction only allowed the slowest rates to be observed at concentrations of GndHCl near the 

Cm value.  Unfolding was measured at 1.67M, 2.07M, and 3.07M GndHCl.  Refolding 

samples were observed at 1.67 and 2.07M denaturant. 

Curve Fitting 

To normalize the DCoH equilibrium folding and unfolding data, results from runs 

were converted into fraction folded.  Equation 2 was used to perform this calculation, and 

values were plotted versus GndHCl concentration. Y represents the signal, Yu is signal for 

fully unfolded protein, and Yn is the signal for fully folded DCoH.  Upon analysis, the 

refolding and unfolding curves of DCoH2 S51Q appeared to be a single state transition from 

dimer to unfolded monomer (N2 ⇌ 2U).   

Equation 2: Fraction Folded = (Y – YU)/(YN-YU) 

Because DCoH2 S51Q forms a dimer and a single transition was observed, data were then fit 

to a two-state model, as described by Milla and Sauer (25).  The program IGOR Pro 

(WaveMetrics Inc.) was used for curve fitting. 

DCoH2 S51Q reaches equilibrium rapidly, thus, kinetic sample runs could only be 

observed near the Cm of 1.5M GndHCl.  At these concentrations of denaturant both the rates 

of dimer unfolding/refolding and monomer refolding/unfolding are significant.  The data 

were therefore fit to a folding reversible equation. Kinetic results were first normalized to 

fraction folded, using equation 2.  The change in fraction folded was then plotted against 

time at individual concentrations of Gnd.  To calculate the kinetic rates, the rate equation was 

converted into a second order differential, Equation 3.  Where U is the concentration of 
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unfolded species, ku is the rate of unfolding, kf is the rate of refolding, and Pt is concentration 

of species. 

Equation 3: dU/dt  = -kf U
2
 – (ku/2) U + ku Pt/2 

This equation was integrated as described by the Sauer group (25) 

This was required because kinetic values were observed near the Cm.  To fit the kinetic 

curves, the equation 4.A for unfolding and 4.B for refolding were used:  

Equation 4: 

A) Funfolding = F0 + F1 (1 – U/[Pt]) 

B) Frefolding = F0 + F1 (U/Pt)   

In equation 4; U represents the concentration of unfolded protein, Pt represents total 

concentration of protein (4.8uM), F0 is the CD signal for fully folded or unfolded species, 

and F1 is the difference between signal of folded and unfolded state at the specific 

concentration GndHCl.  F1 values were derived from the equilibrium folding and unfolding 

curves, following the method as described by Zhao and Beckett (37).  Analysis was further 

constrained by restricting the ratio of ku and kf to equal the equilibrium constant (Keq) at the 

specific concentration of GndHCl.  The equilibrium constant was derived from the 

equilibrium refolding/unfolding analysis.  Kinetic fits were generated using IGOR Pro and 

plotted using Excel. 
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CHAPTER 3 - Results 

Size Exclusion 

 The DCoH2 S51Q mutant was generated to allow for the isolation of the mammalian 

DCoH2 dimer.  Thus, the first step was to determine the oligomeric state of DCoH2 S51Q.  

Samples of the purified species were analyzed by size-exclusion chromatography and 

measured against gel filtration standards (Low Molecular Weight Gel Filtration Calibration 

Kits, GE Healthcare).  As seen in Figure 3.1, the elution peak of DCoH2 S51Q was shown to 

have a molecular weight (MW) of ~24kDa.  This result confirmed the formation of a 

molecular dimer, consisting of two 12kDa His-tagged DCoH monomers.  A sample of wild-

type DCoH2, a known DCoH homotetramer, was also run as a control under the identical 

conditions.  The elution peak of the wild-type (wt-) was consistent with a molecular weight 

slightly less than 44kDa (Fig. 3.1).  Wt-DCoH2 should have actually measured 48kDa; being 

made of four 12kDA monomers lacking a 6X His-tag.  The difference in this elution volume 

may be due to the molecular shape, rather than MW.  Even with this error, the size exclusion 

data indicates that DCoH2 S51Q forms a dimer. 

 

 

Equilibrium Refolding and Unfolding of DCoH2 S51Q   

 Once DCoH2 S51Q was confirmed to form a dimer, the folding and unfolding 

profiles of DCoH2 S51Q were analyzed. 4.8uM samples were prepared and incubated, for at 

least 12 hours, at different concentrations of GndHCl in PBS.  CD and intrinsic Trp 

fluorescence were then used to examine the mutant’s equilibrium folding profiles.  Analysis 

of the unfolding curves revealed that DCoH2 S51Q undergoes a single transition and reaches 
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equilibrium within a 12 hour incubation period (Fig. 3.2).  There is also no hysteresis present 

in the folding profile of DCoH2 S51Q.  This is confirmed by the overlap of unfolding and 

refolding data, and shows that the S51Q mutant is in equilibrium between folding and 

unfolding states.  Following this conclusion, data were fit using a two-state model.  This 

represented the single transition of native dimer transitioning to denatured monomer (N2 ⇌ 

2U).  The folding profiles as determined by CD and fluorescence were then compared (Fig. 

3.3).  The CD and fluorescence measurements superimposed, within statistical error.  Thus, 

either technique may be used in the examination of DCoH2 S51Q folding characteristics.   

The free energy at 0M GndHCl and best fit m-values were calculated for the S51Q 

mutant: GH2O = 66.0 kJ/mol, and m = 21.3 kJ/mol x M.  The equilibrium dissociation 

constant was then extrapolated from the data.  Keq was shown to equal 2.65 x 10
-12

 M, as 

calculated by equation 5. 

Equation 5: Keq = e
(-GH2O/RT)

  

 

To determine if the S51Q mutation significantly altered DCoH2’s conformational 

stability, DCoH2 S51Q was compared to DCoH2 C82S (Fig. 3.4).  Both species were 

analyzed at a concentration of 4.8uM protein.  DCoH2 C82S is an oligomeric tetramer of 

four DCoH2 monomers, and does not present folding hysteresis.  Superposition of the data 

revealed that both folding and unfolding curves for the mutants were statistically similar, and 

agreed with a Cm value of about 1.5M GndHCl.   This confirmed that structural stability was 

not significantly altered by the S51Q mutation.  DCoH C82S mutant had previously been 

compared to that of wt-DCoH2 by identical methods, and showed no significant deviations in 

structural stability (31). 
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DCoH2 S51Q’s folding curves were then compared against DCoH2 S51T’s 

equilibrium results (Fig. 3.5).  DCoH2 S51T is known to form a homotetramer and shows 

equilibrium folding hysteresis.  It was hypothesized that what is observed in DCoH2 S51T’s 

hysteresis is the slow unfolding of the homotetramer, and the refolding of the homodimer.  

Upon comparison it was shown that the refolding curve of DCoH2 S51T and the equilibrium 

profile of DCoH2 S51Q were similar.  The likeness between DCoH2 S51Q’s folding profile 

and the refolding curve of DCoH S51T supports this theory. 

 

Concentration Folding Dependence of DCoH2 S51Q   

 

 To further understand the folding characteristics of DCoH2 S51Q, the CD folding 

profiles at concentrations of 4.8uM and 16uM protein were compared (Fig. 3.6).  This was 

done to see if monomer association and folding cooperativity plays a significant role in the 

rate of dimer formation, or if the slow reaction step is monomer folding.  Upon comparison 

of the equilibrium curves, a transition of a Cm4.8uM at ~1.5M GndHCl to a Cm16uM at 2M 

GndHCl was observed.  This result agrees with the hypothesis that dimer formation is 

dependent upon protein concentration, and the slow step of the reaction is the association of 

the DCoH monomers.  Had this not been true, the profiles of 4.8uM and 16uM would have 

overlaid. 

 

Kinetic Stability of DCoH2 S51Q 

 Once the equilibrium data were collected, the kinetic stability of DCoH2 S51Q was 

analyzed by CD.  Initial examination revealed the folding and unfolding rates of the DCoH2 
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S51Q mutant were much faster than that of wt-DCoH2 and DCoH2 S51T.  The refolding and 

unfolding rates were on the scale of minutes, rather than hours.  Thus, the slowest rates of 

reaction for DCoH2 S51Q were the ones able to be manually observed.  Samples were 

prepared and evaluated at the slowest reaction rates near the Cm value of 1.5M GndHCl.  At 

these values of denaturant, both the folding and unfolding rates are significant.  Thus, data 

were fit using a reversible two-state model of folding monomer and unfolding dimer.   

 Eight  individual kinetic curves were then fit globally to find the best fit for rate of 

unfolding (kunfolding) and rate of refolding (kfold) at the specific concentration of GndHCl (Fig. 

3.7).  Duplicates of unfolding at 1.67M, 2.07M and 3.07M GndHCl, and refolding at 1.67M 

and 2.07M GndHCl were collected for a total of 972 total data points.  The global fit was 

constrained by defining the equilibrium constant [Keq: Keq=(kunfolding)/ (kfold)].  This value 

was calculated from the equilibrium folding analysis at each concentration of GndHCl.  The 

difference in signal between fully folded, sample in 0M GndHCl, and completely unfolded, 

sample in 4M GndHCl, was also defined as F1.   

By using the global fitting, folding parameters were calculated for DCoH2 S51Q in 

aqueous solution.  The S51Q mutant’s rate of unfolded monomer folding to dimer was 

extrapolated to 5 x 10
7
 M

-1
s

-1
; two orders of magnitude faster than the theoretical diffusion 

limit of 10
9
M

-1
s

-1
.  Unfolding rate of the S51Q mutant dimer was extrapolated to 1.4 x 10

-4
 s

-

1
.  This rate is about tenfold faster than the wt-DCoH2 homotetramer.  Table 3.1 shows the 

calculated kinetic parameters.  The global fit had an overall chi-sq value of 4.1 (Fig. 3.7).  

Even as the fits are good, the data were collected from a small sample of GndHCl 

concentrations and can only be considered approximations.  
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Tables and Figures  

 

Figure 3.1:  Elution Profile of Gel Filtration Standards, DCoH2 S51Q, and wt- 

                    DCoH2 as Measured by Size Exclusion Chromatography 

 

The elution profile at A280 from a HiPrep 16/60 sephacryl S-200 gel filtration column.  

BioRad standard molecular weight markers (blue dots) 670kDa, 158kDa, 44kDa, and 17kDa 

from left to right respectively.  Dimer formation of DCoH2 S51Q is confirmed (Green dots) 

at a molecular weight of 24kDa, as supported by comparison to standards.  Wt-DCoH2 

tetramer (red x’s) eluted at a molecular weight of about 40kDa, further supporting DCoH2 

S51Q’s dimer formation. 
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Figure 3.2:  DCoH2 S51Q’s Tryptophan Fluorescence Equilibrium Refolding and                

                     Unfolding Profile 

 

The comparison of tryptophan equilibrium folding and unfolding fluorescence profiles of 

4.8uM DCoH2 S51Q as excited at 280nm light.  Overlay of fluorescence unfolding (blue 

diamonds) and fluorescence refolding (red squares) show no folding hysteresis present in 

DCoH2 S51Q and the species is able to reach equilibrium within a 12 hour incubation period.  

The curves also show a single state transition from folded dimer to unfolded monomer (N2 ⇌ 

2U) 
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Figure 3.3:  Comparison of CD and Fluorescence Folding Profiles of DCoH2 S51Q 

The comparison of the folding profile of 4.8uM DCoH2 S51Q as determine by CD (blue 

diamonds) and fluorescence (red squares) analysis.  Results show that the curves are similar 

within statistical error.  Thus, either method of examination provides comparable data.  
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Figure 3.4:  Folding Profiles of DCoH2 C82S, and DCoH2 S51Q 

Comparison of the equilibrium folding profiles of DCoH2 C82S, as determined by Trp 

fluorescence (green triangles), and DCoH2 S51Q (CD: blue diamonds; fluorescence: red 

squares) at 4.8uM protein.  This was performed to determine if the S51Q mutation 

significantly altered conformational stability of DCoH2.  The similarities in the curves with 

the comparable Cm value of ~1.5M GndHCl show stability was not significantly altered by 

the S51Q mutation.  Both show a single state folding transition with no hysteresis.    
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Figure 3.5:  Folding Profiles of DCoH2 S51T, and DCoH2 S51Q 

The comparison of the unfolding and refolding curves of DCoH2 S51T and DCoH2 S51Q.  

As shown by the Trp fluorescence, the refolding (purple X’s) and unfolding (green triangles) 

profiles of DCoH2 S51T appear to be a single state transition that exhibits folding hysteresis.  

Similar result also observed in wt-DCoH1 (not show).  Data were then compared to the 

folding profile of DCoH2 S51Q (CD: blue diamonds; fluorescence: red squares).  This was 

done to determine what transitions were being observed within the folding hysteresis.  The 

similarities in the folding curves of the DCoH2 S51Q dimer and the refolding curve of 

DCoH2 S51T, supports the hypothesis that one observes the slow unfolding of the DCoH 

tetramer and rapid refolding of the DCoH dimer. 
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Figure 3.6:  DCoH2 S51Q Dimer Folding Dependence on Protein Concentration 

Comparison of 4.8uM DCoH2 S51Q CD equilibrium folding profile (red squares) to that of 

16uM DCoH2 S51Q CD equilibrium folding curve (blue diamonds), as analyzed by CD.  A 

Cm value of 1.5M GndHCl was observed by 4.8uM DCoH, while 16uM DCoH presented a 

Cm of ~2M GndHCl.  This result shows that dimer formation is dependent upon protein 

concentration, and the slow step of the complex formation reaction is the association of the 

DCoH monomers. 
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Figure 3.7:  Global Fit of DCoH2 S51Q Refolding and Unfolding Kinetic Profiles 

Kinetic profiles of DCoH2 S51Q were observed using CD analysis.  Eight measurements 

near the Cm value were collected; unfolding curves (green squares - 1.67M GndHCl, orange 

circles – 2.07M GndHCl, unfilled blue diamonds– 3.07M GndHCl) and re-folding curves 

(unfilled purple circles – 1.67MGdnHCl, black triangles – 2.07M GndHCl).  Only a quarter 

of the data points of five independent runs are shown here for simplicity. 
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Table 3.1:  Final Calculated Parameters for Kinetic Global Fit of DCoH2 S51Q  

List of the kinetic parameters including the calculated rate of monomer folding to dimer in 

aqueous solution (kf H2O), the calculated rate of dimer unfolding to monomer in aqueous 

solution (ku H2O), and the slopes of folding (mf) and unfolding(mu) of DCoH2 S51Q as 

determined by the kinetic global fit. 
 

 Fit parameters 

kf_H2O 5.2 107 M-1s-1 

mf 11.9 kJ/(mol M) 

ku_H2O 1.4 10-4 s-1 

mu -7.2 kJ/ (mol M) 
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CHAPTER 4 - Discussion 

DCoH is a bifunctional protein, which forms a tetramer in solution.   The mammalian 

species functions in both the recycling pathway of tetrahydrobiopterin (THB), and as a co-

activator for the HNF1 family of TF (1-3).  Regulation between these functions is mediated 

by an oligomeric switch where DCoH alternates between homotetrameric and 

heterotetrameric conformations.  As a homotetramer, it is a dimer of DCoH dimers that 

recycles THB.  As a heterotetramer, it is a dimer of DCoH interacting with a dimer of HNF1 

and functions as a transcription activator (1-2, 8-9).    

Two paralogs of mammalian DCoH exist, DCoH1 and DCoH2; both are highly, 

structurally conserved and share these same two activities (1-3).  In previous work, it has 

been shown that the homotetramer of DCoH2 unfolds reversible while DCoH1 is 

characterized by folding hysteresis (31).  Due to DCoH1’s increased homotetramer stability, 

the oligomeric switch is limited.   Transition between heterotetramer and homotetramer 

conformation is inhibited once homotetramer association has occurred.  The homotetramer 

will not dissociate in the presence of HNF1.  DCoH2, however, exists in equilibrium between 

homo and heterotetramer conformations. 

To determine why a difference in stability and the presence of hysteresis exists, 

mutations at the tetramerization interface for both paralogs were generated.  A simple 

mutation of DCoH2’s Ser51 to Thr, as seen in DCoH1, was shown to generate folding 

hysteresis comparable to that of DCoH1.  This DCoH2 S51T homotetramer was 

unexpectedly more stable than the wt-DCoH1 homotetramer.  It was also observed that 

hysteresis could be removed from the DCoH1 homotetramer.  By mutating the T51 to Ser in 
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DCoH1, as seen in DCoH2, folding and unfolding were able to achieve equilibrium.  This 

raised the question of what is observed in the folding profiles of species presenting folding 

hysteresis and how this switch is regulated (31). 

It is believed that stability of DCoH is mediated by the homotetramer conformation, 

and the unfolding of the tetramer and the refolding of the dimer is what is observed in the 

hysteresis.  However, CD and fluorescence are unable to differentiate between the different 

oligomeric states of DCoH; it only shows folded or unfolded conformations.  Thus to provide 

evidence for this theory, a dimeric conformation of DCoH needed to be analyzed.  The 

significance of being able to isolate a DCoH dimer lies in understanding how DCoH 

regulates its multiple functions.   

Previously, a dimer could not be purified.  DCoH would simply form a stable 

tetramer in solution.  In order to solve this problem, a mutation at the tetramerization 

interface was generated.  In both the DCoH homotetramer and heterotetramer, it is known 

that the fifty first residues of the monomers are essential in oligomerization.  Ser51 of 

DCoH2 was therefore mutated to Gln in attempts to allow for dimer isolation.  In silico, the 

large hydrophilic Gln residues sterically clash across the tetramerization site, theoretically 

preventing association of dimers and destabilize the tetramer. This mutation successfully 

allowed for the isolation of a stable mammalian DCoH dimer.    

Formation and isolation of the DCoH2 S51Q dimer was verified by size exclusion 

chromatography.  The DCoH2 His-tagged monomer has a molecular weight (MW) of about 

12kDa, thus the tagged dimer should weigh 24kDa.  As seen in figure 3.1, the DCoH2 S51Q 

mutant eluted at that specific weight as compared to the standards.  The un-tagged 
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homotetramer wt-DCoH2, was also run as a control to confirm dimer isolation.  The tetramer 

has a molecular mass of 48kDa, but eluted slightly below this value.  This deviation is most 

likely due to native gel filtration elution rates’ being based upon structural conformation and 

MW.  Overall, the S51Q mutation allowed for the successful isolation of a DCoH2 dimer. 

Once isolation of the dimer was possible, the folding characteristics of the specie 

could then be analyzed.  The first step was to determine if the S51Q mutant significantly 

altered the specie’s conformational stability compared to the wt-DCoH2 folding profile.  To 

investigate this, equilibrium refolding and unfolding patterns of DCoH2 S51Q were 

compared to that of DCoH2 C82S (Fig. 3.4).  The C82S mutant was generated to prevent 

disulfide bond formation, to assist in efficient purification and to reduce aggregate formation 

when denatured.  In previous work, not shown, the stability of the C82S mutant was shown 

to be comparable to that wt-DCoH2 and did not significantly alter the stability (32).  Thus, 

comparing the stability of DCoH2 S51Q to that of the C82S mutant is functional.   

Upon analysis it was observed that S51Q samples reached equilibrium within a 12 

hour incubation period, and both CD and fluoresce analysis were comparable (Fig. 3.3).  

Once the data were collected and analyzed, it was shown that the stability of DCoH2 S51Q 

was slightly less than DCoH2 C82S, as fit by the same two-state model.  The S51Q mutant 

had a calculated Gibb’s Free energy in aqueous solution of about 66 kJ/mol and a 

dissociation constant (Kd) of 2.6x10
-12

M.  DCoH2 C82S had a calculated Free energy of 73 

kJ/mol and a Kd of 1.6x10
-12

M.  Both, however, had similar Cm values of about 1.5M 

GndHCl.  We interpret these similarities of folding profiles to indicate that wt-DCoH2 

folding measures the dimer and a little formation of the tetramer.  The slight increase in 
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stability observed in DCoH2 C82S, as compared to S51Q, is probably due to the formation of 

the tetramer. 

DCoH is most stable as a tetramer, and preventing its formation may be what has led 

to the reduced stability of DCoH2 S51Q.   A loss of folding cooperativity may potentially 

explain this result.  The reduced stability led to certain issues in isolation of the DCoH dimer.  

DCoH2 S51Q requires high concentrations of salt to be present in solution to prevent 

precipitation.  It was observed that for every 100mM NaCl, the solubility of DCoH2 S51Q 

increased by about 1mg/ml, from a stable solubility of 1.5mg/mL in water.  For example: in a 

solution containing 100mM NaCl, the maximum concentration DCoH2 S51Q increased by 

would be about 2.5mg/mL.  Multiple buffers and pHs were tried to increase solubility, but 

salt concentration seemed to be the most defining factor.  Similar experiments were 

performed with the 6X His-tag cleaved off DCoH2 S51Q, and comparable results were 

produced. 

As seen by figures 3.2 and 3.3, a single transition between folded dimer to unfolded 

monomer (D2  2N) with no hysteresis was observed in the DCoH2 S51Q mutant.  These 

curves were then compared against the folding profile of DCoH2 S51T (Fig. 3.5), a 

homotetramer that presents folding hysteresis, in attempt to begin to understand what is 

observed in the hysteresis folding profile.  The refolding curve of DCoH2 S51T was shown 

to be similar to that of S51Q’s folding profile.  From these results, it may be inferred that 

dimer formation is what is observed in the S51T’s refolding profile at the low concentration 

of GndHCl - not the tetramer formation.  This data supports the theory that hysteresis is due 

to the slow unfolding of the stable tetramer and the quick refolding of dimer.  It also helps 
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further support the theory that the DCoH1 and DCoH2 S51T become structurally trapped as a 

homotetramer, thus preventing the interaction with HNF1. 

To establish an understanding of the DCoH2 S51Q folding mechanism and overall 

pathway of homotetramer formation, the folding dependence on protein concentration was 

studied.  We want to know if monomers fold independently then associate to a dimer, or, if 

denatured monomers association and fold cooperatively into a dimeric conformation.  As 

seen in figure 3.6, DCoH2 S51Q shows a folding dependence upon protein concentration.  

The CD profile of the higher concentration of protein shifted to the right.  This result agrees 

with the idea that unfolded monomers cooperatively fold into dimers.  If one increases the 

concentration of protein, the probability of monomer association increases along with it.  

Thus, a higher concentration of denaturant would be required to overcome these interactions 

and unfold the species.  Had no difference been observed between the two curves, the 

alternative theory would have been supported.  This is because CD is only able to observe the 

folded verse unfolded state of DCoH.  Thus, there would be no concentration dependence if 

the pathway was dependent upon monomers folding then associating into dimers. 

Even as the fits are good, the data were collected from only one other concentration 

of DCoH2 S51Q.  This restricts considerations to be a base analysis.  To further test this 

conclusion, it would be necessary to analyze the folding profile of a DCoH concentration 

lower than 4.8uM protein.  If the trend were to continue, we predict the folding curve would 

shift to the left.  This test does, however, support our analytical model of a single state 

transition; where the rate limiting step is the association of the dimer.  From this, folding can 

be considered to go from native dimer to unfolded monomer (D2  2N). 
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One interesting characteristic observed in all folding profiles of DCoH as analyzed by 

CD was an increase in fraction folded from 0M to ~1.2M GndHCl, while this increase is not 

seen in fluorescence analysis.  It is significantly observed in the comparison between the 

fluorescent and CD analysis of DCoH2 S51Q’s equilibrium folding profiles (Fig. 3.3).  This 

observation would suggest that at low concentrations of denaturant, DCoH forms more 

secondary structure than in aqueous solution.  Overall, it is an unexpected result.   

We currently believe that this may be due to hyper-stability at low concentrations of 

denaturant.  To understanding this observation, future work needs to be done by comparing 

the full CD spectrum of DCoH at these low concentrations of GndHCl.  From this, the ratio 

of secondary structure forms can be calculated.  We may then determine if there is a change 

in the amount of alpha helices, beta sheet, or random structure at any variation of GndHCl.  

With this information it may lead to the discovery of some form of unfolding intermediate 

within the folding mechanism of DCoH.  If so, a new pathway of DCoH folding and 

unfolding would need to be generated.     

To further understand the structural dynamics of DCoH, the kinetics profile of the 

mammalian DCoH dimer was determined.  Preliminary result showed that the DCoH2 S51Q 

mutant unfolded rapidly.  S51Q unfolded on the scale of minutes, while wt-DCoH1 and 

DCoH2 S51T unfolded on a scale of hours.  The dimer’s rate of unfolding, 1.4x10
-14

s
-1

, was 

shown to be nine-fold faster than that of the wt-DCoH2, 2x10
-5

s
-1

, and tenfold faster than the 

DCoH2 S51T mutant, 1.4x10
-14

s
-1

.  This corresponds to a dimer half-life of 1.4 hours versus 

the S51T homotetramer half-life of 1.6 million years.  The slow unfolding rates of either 

tetramer show that it is extremely stable.  However, the dimer unfolds relatively easily. Thus, 
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once the homotetramer dissociates, the dimer is rapidly denatured.  Had the species been 

thermodynamically stable, the dimer should have a slower rate of unfolding. 

This work begins to provide viable evidence that the formation of the tetramer 

mediates the stability of the DCoH oligomer.  The rapid unfolding of the dimer shows that 

the tetramer is significantly more stable than the dimer.  Therefore, the presence of hysteresis 

is due to the formation of a stable tetrameric complex and that refolding is the dimer 

formation.  This data helps us understand how DCoH partitions between activities and how 

the DCoH oligomeric switch is regulated.  

 The current theory is that DCoH1 and DCoH2 S51T are kinetically trapped as 

homotetramers, rather than thermodynamically stable.  The fact that these two species cannot 

reach folding equilibrium prevents the direct analysis of the fifty first residue’s contribution 

to Free Energy of stability. However, due to DCoH’s conformational and folding 

characteristics, dependence on this residue may be interpreted. Theoretically, these tetramers 

are in their stable, energy minimum and cannot dissociate due to high kinetic barriers.  If 

these trapped tetramers were to dissociate due to environmental conditions, then the species 

would completely unfold.  This idea is supported by the fact that the dimer unfolds rapidly at 

low concentrations of denaturant, while the tetramer is stable at high concentrations of 

denaturant and unfolds slowly.  A kinetically regulated switch would explain why unfolding 

hysteresis of DCoH2 S51T and in wt-DCoH1 are present, as well as how the two functions of 

DCoH1 are controlled.  

It is further speculated that the species are kinetically regulated due to the 51
st
 residue 

of alpha-contribution to the stability of the tetramerization interface.  This would mean that 
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residue 51
st
 is a “kinetic hot spot”.  Therefore, the residue is essential in determining the 

stability of the tetramer and may be what has evolved to regulate the oligomer switch in 

DCoH.  Simply mutating this residue can create or remove hysteresis, and even alter 

multimer formation.  It is also known that other kinetically trapped proteins exist.  And just 

as with DCoH, many have evolved a secondary, usually unrelated, function due to kinetic 

regulation.  E. coli’s BirA exemplifies this.  BirA may bind DNA as a homodimer, or 

complex with biotin carboxyl carrier protein (BCCP) to suppress the biotin operon.  

Oligomer formation is comparable to DCoH; it is determined by association timing and 

stabilized through kinetic regulation (36-37).   Just as the two functions are mutually 

exclusive in DCoH, the same is true in the BirA species.  Therefore, it is not a farfetched idea 

that DCoH1 and DCoH2 S51T are kinetically trapped and regulated tetramers. 

Predominantly, DCoH is found as a homotetramer in the cytoplasm and as a 

heterotetramer in the nucleus.  Currently there are no known chaperons involved with the 

folding of DCoH, or with the association between HNF1 and DCoH dimers (11).  Thus, the 

kinetic stability is a functional theory to explain how localization is possible.  DCoH lacks a 

nuclear localization signal, so association with HNF1 is essential in maintaining DCoH’s 

concentration within the nucleus.  For the DCoH1 heterotetramer to form it must co-fold with 

HNF1; while DCoH2, exists in equilibrium between either multimer.  This shows that the 

expression profiles of the DCoH paralogs along with the timing of HNF1 production allows 

the cell to mediate how much, and where, of either multimer is localized within the cell.  The 

kinetic theory of regulation may also explain how pools of DCoH can be removed.  As soon 

as the trapped tetramer dissociates, the dimers are shown to rapidly denature due to their 
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thermodynamic instability.  Thus, kinetic regulation would maintain proper levels of 

localized species within the cell and allow for the cell to direct activity.  

Broadening our understanding of DCoH is an important endeavor because diseases 

have been associated with its malfunction. Maturity onset diabetes of the young (MODY) 

and PKU are two such diseases.  MODY is a genetic form of diabetes where the insulin 

production and secretion from the pancreatic beta cells are inhibited. Symptoms of MODY 

have been associated with mutated DCoH genes.  Mutations in DCoH may lead to a 

disruption of the tetramerization interface and reduce its co-activational activity.  Suppressed 

pancreatic organ function is thought to be a consequence of this destabilization of the HNF1-

DCoH complex (5, 8, 29-31).  Another explanation could be the disrupted concentrations of 

either tetramer conformation within the cell.  As shown, DCoH is dependent upon its 

association with HNF1 to be localized within the nucleus.  If the kinetic stability or 

association capacities are altered, then the balance of DCoH pools within the nucleus and 

cytoplasm could easily be disordered.  Subsequently, this would then influence cellular 

function. 

Phenylketonuria (PKU) is a disease associated with the buildup of the amino acid 

phenylalanine due to the body’s inability to metabolize the amino acid.  A buildup of 

phenylalanine leads to an excess cellular concentration of phenylpyruvate causing many 

health issues.  Mental retardation, seizures, and stunted growth are just a few of the common 

symptoms associated with the disease (38).  This may be due to a variety of genetic reasons, 

one of which includes mutated DCoH.  As previously stated, the DCoH homotetramer is an 

integral enzyme in the THB recycling pathway.  Without THB, phenylalanine hydroxylase is 
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unable to hydroxylate phenylalanine into tyrosine leading to a surplus of the specie.  

Consequently, a common cause of mild PKU is the irregularity of DCoH (6, 38). 

With this in mind, the ability to identify the source of such diseases would be 

beneficial.  It would allow for a more personalized and potentially effective treatment to be 

implemented.  For this to be achieved, the leading factors causing the diseases need to be 

identified and analyzed.  DCoH is no exception.  As our understanding of these factors 

increase, like DCoH, treatments can be developed and symptoms eased. 
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CHAPTER 5 - Conclusion 

I show that a Ser51 Gln mutation in DCoH2 allows for the successful isolation of a 

mammalian DCoH dimer and that its folding profile is dependent upon denaturant and 

protein concentration.  Folding analysis shows DCoH2 S51Q undergoes a single transition 

and unfolds rapidly.  By comparing this species to other DCoH variants, it provides evidence 

supporting the hypothesis that structural stability of the DCoH oligomer is mediated by the 

tetramer.  This work begins to show that hysteresis is due to the unfolding of the stable 

tetramer, and the refolding observed in is due to dimer formation.  

This work also improves our ability to infer about the structural characteristics of 

DCoH and how the oligomer switch may be regulated. It further supports the theory that 

minor substitution mutations can have a major influence on the structural stability and 

dissociation kinetics of DCoH.  This is especially true within the tetramerization interface.  

Mutations of the 51
st
 residue in DCoH are shown to remove or induce hysteresis, and even 

alter oligomer formation.  With this information, residue 51 may represent a kinetic hot spot 

with the capacity to regulate stability and the oligomeric switch of DCoH.  For future work, 

this potential kinetic hot spot will need to be analyzed in the heterotetramer.  The interactions 

with HNF1 will need to be studied, furthering our understanding of how DCoH mediates 

between its two activities. 
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