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ABSTRACT: The two disparate functions of DCoH1 (dimerization cofactor of HNF-1)/PCD (pterin-4a-carbinol-
amine dehydratase) are associated with a change in oligomeric state. DCoH dimers enhance the activity of the
diabetes-associated transcription factor HNF-1a (hepatocyte nuclear factor-1at), while the PCD activity of
DCoH1 homotetramers aids in aromatic amino acid metabolism. These complexes compete for the same interface
of the DCoH dimer. Formation of the DCoH1/HNF-1a complex requires cofolding. The homotetramer of the
DCoH1 paralogue, DCoH2, interacts with HNF-1o through simple mixing. To further investigate regulation of
DCoH/HNF-1a complex formation, we measured the stability of the DCoH1 homotetramer through unfolding
studies by intrinsic tryptophan fluorescence. DCoH2 unfolding is reversible. Surprisingly, the DCoH1 homo-
tetramer is resistant to guanidine unfolding but refolds at a much lower guanidine concentration. We show that a
point mutation at the DCoHI tetramer interface, Thr 51 Ser, overcomes the dissociation barrier of the
homotetramer and increases the interaction with HNF-1a. The 1.8 A resolution crystal structure of DCoH1
T51S shows the presence of an ordered water molecule at the tetramer interface, as in DCoH2, which may
destabilize the homotetramer. The equilibrium unfolding data were fit to a two-state model with no apparent
intermediate. Folding intermediates were detectable by size exclusion chromatography. For wild-type DCoH1 the
intermediates changed with time, suggesting a kinetic origin for the unfolding barrier of the homotetramer. We
propose an unfolding pathway in which the tetramer unfolds slowly, but the dimer folds reversibly. Implications

for regulation of DCoH1/HNF-1a complex formation are discussed.

Transcriptional coactivators frequently fulfill multiple regula-
tory roles by binding different protein partners. This is true of
general coactivators, such as CBP and p300, which can interact
with many different transcription factors (1, 2). It is also true of
more specialized coactivators, such as DCoH,! OcaB, and SRC,
which regulate specific transcription factors (3, 4). A number of
specialized coactivators have been shown to be bifunctional,
fulfilling nontranscriptional roles through interactions with other
proteins (5). The molecular basis for selection among partners is
important for determining how these coactivators regulate
transcription.

The bifunctional protein DCoH (dimerization cofactor of
HNF-1) provides an example of a multipurpose interface that
mediates distinct protein—protein interactions (6—9). In the
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cytoplasm, DCoH, also called pterin-4a-carbinolamine dehydra-
tase (PCD), functions as a metabolic enzyme (10, 11). The PCD
activity regenerates tetrahydrobiopterin, a cofactor of nitric
oxide synthase and aromatic amino acid hydroxylases (12, 13).
Mutations in DCoHI cause transient hyperphenylalaninemia
(14—16). In the nucleus, DCoH functions as a coactivator to
enhance the transcriptional activity of HNF-1a or HNF-15, in
part by stabilizing HNF-1 dimers (3). In both contexts, DCoH
folds into a tetrameric structure. As a metabolic enzyme it forms a
homotetramer (a dimer of dimers). As a coactivator a dimer of
DCoH interacts with a dimer of HNF-1 (7, 9). Both complexes
compete for the same tetramerization interface of the DCoH
dimer (Figure 1).

DCoHI carries out its diverse functions in different cellular
contexts. DCoH1 functions as an enzyme and a coactivator in
liver, kidney, small intestine, and pancreas, tissues that also
express HNF-1 (3, 17, 18). Consistent with its independent
enzymatic function, DCoH1 is also expressed in skin, brain,
heart, and eye. DCoH1 may also interact with nuclear factors
other than HNF-1 (17, 19, 20). The importance of HNF-1a and
HNF-15 in pancreatic § cells was demonstrated by inherited
mutations associated with maturity-onset diabetes of the young
type 3 (MODY3) (2]) and type 5 (MODY5) (22), respectively.
DCoH1 levels in the liver have been estimated at about 4—6 uM
(11, 23, 24), while HNF-1a is present at low nanomolar concen-
trations (13, 25, 26). We are not aware of concentration measure-
ments in pancreatic f cells. A paralogue of DCoH1, DCoH2
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FiGuRre 1: Ribbon diagram representation of the tetrameric DCoH2
showing the positions of the tryptophans. The magenta/green and
blue/yellow pairs each represent a DCoH2 dimer. The three trypto-
phan side chains, at positions 7, 25, and 66, are shown as stick
representations. DCoH1 (not shown) has only two tryptophans at
positions 25 and 66. The structure was generated with PyMol using
PDB id 1RUO.

(or DCoHm), retains the same enzymatic and coactivator func-
tions as DCoHI1 and is also expressed in liver, kidney, and
intestine (/7, 27). Human DCoHl and DCoH2 share 61%
sequence identity. Unlike DCoH1, DCoH2 is highly expressed
in muscle, and DCoH1 and DCoH2 are reportedly expressed in
different phases of the cell cycle (28).

Characterizations of the properties of DCoH1 governing forma-
tion of the DCoH1/HNF-1a coactivator complex have centered on
the hyperstability of the DCoH1 homotetramer in vitro (9, 15, 29).
The DCoHI homotetramer is thermally stable when heated to
90 °C (29). Consistent with the stability of the homotetramer,
DCoH]1 fails to interact with the HNF-1aw dimerization domain if
mixed in vitro (9, 29—31). The DCoH/HNF-1a. complex forms by
coexpression of DCoH1 and HNF-1a or after denaturing DCoH1
in guanidinium chloride (GdnHCI) and renaturing in the presence
of the HNF-1a dimerization peptide (9, 29—31). These observations
led to the idea that the DCoH 1 homotetramer is thermodynamically
very stable, while the DCoH/HNF-1a. complex is kinetically formed
and trapped (32). There is no evidence to date for chaperone-
mediated folding of DCoH. In contrast, the DCoH2 homotetramer
purportedly dissociates into dimers in solution (15, 32). A DCoH2/
HNF-1a complex can form by mixing the DCoH2 homotetramer
and HNF-1a in vitro, suggesting that the DCoH2 homote-
tramer is less stable than the DCoH1 homotetramer.

In order to further investigate the relative stabilities of the
DCoH1 and DCoH2 homotetramers, we performed chemical
denaturation studies using GdnHCI. Equilibrium unfolding of
DCoH2 was fit to a two-state model. Surprisingly, the DCoH1
homotetramer is resistant to guanidine unfolding, with unfolding
intermediates changing over time. This suggests that the DCoHI1
homotetramer is not thermodynamically hyperstable as previously
thought but is very slow to unfold or kinetically stable (33). A point
mutant in the tetramer interface, Thr 51 Ser, decreases the homo-
tetramer stability so it unfolds reversibly. Kinetic stability of the
DCoHI homotetramer has implications for formation of the
complex with HNF-1 in vivo.

EXPERIMENTAL PROCEDURES

DCoH Purification. Mouse DCoH2 (32) and rat DCoHI1 (7)
subcloned into the pGEX-2T vector (Pharmacia) were over-
expressed in Escherichia coli strain BL21 (Novagen) as fusion
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proteins with glutathione S-transferase. To generate the DCoH 1
T51S mutation, the ACA codon for Thr 51 was substituted with
the TCA codon for Ser using the primer C AGG GCT TTT GGC
TTC ATG TCA AGA GTC GCC CTG CA (the mutated codon
is underlined) by PCR-based mutagenesis in the rat DCoHI1
pGEX-2T vector (34). Cells were grown at 37 °C to OD 0.6,
induced overnight at 22 °C with 1 mM isopropyl S-p-1-thioga-
lactopyranoside (IPTG), lysed in 50 mM Tris (pH 8.5), 300 mM
NaCl, and 1 mM dithiothreitol (DTT), and purified with
glutathione Sepharose 4 Fast Flow resin (Amersham Pharmacia)
according to the manufacturer’s instructions. The GST tag was
removed by thrombin cleavage for 5 h at room temperature, as
described by the manufacturer (MPBio). Thrombin was subse-
quently removed on a p-aminobenzamidine agarose column
(Sigma). Protein was concentrated with an Amicon Ultra cen-
trifugal filter device (SK MWCO; Millipore). The final purified
proteins were greater than 95% pure as judged from a Coomassie
Blue-stained (Sigma) SDS—PAGE NEXT gel (ISC BioExpress)
(data not shown). Protein concentrations were measured by
Bradford (Bio-Rad) for DCoH1 and DCoHI1 T5IS using
albumin as a standard and UV absorbance for DCoH2 in
8 M GdnHCI with the calculated extinction coefficient ¢ =
19480 M~' em ™! (35, 36).

Alffinity Chromatography Assay. Mouse HNF-1a (residues
1—280) with a C-terminal Hisg tag (HNF-1a 1—280-Hisy)
subcloned into the pET24b vector (Novagen) (32) was expressed
in E. coli strain BL21 (DE3) (Novagen). Cells were grown at
37 °C to 0.6 OD and induced overnight at 22 °C with 1 mM
IPTG. Cells were sonicated in PBS (pH 7.4), 10 mM imidazole,
and 20 mM f-mercaptoethanol (-ME) and purified on a His-
Select nickel column (Sigma) according to the manufacturer’s
instructions. HNF-1a 1—280-Hisg was eluted from the column
with an imidazole gradient (20—250 mM imidazole) and treated
with 0.2% polyethylenimine (PEI; Sigma) for 20 min at 4 °C to
remove DNA. The final protein was concentrated and buffer
exchanged into 50 mM Tris (pH 8.0), 300 mM NaCl, and 20 mM
B-ME using an Amicon Ultra centrifugal filter device (10K
MWCO; Millipore). The final purified protein was greater than
95% pure as judged from a Coomassie-stained SDS—PAGE gel
(data not shown).

Interaction between HNF-loo and DCoH was measured
with HNF-1ow 1—280-His, immobilized on Ni*"-chelating resin
(Qiagen) as described with minor modifications (32). Briefly,
40 ug of HNF-1a was bound to 20 uL of resin preequilibrated in
PBS (pH 7.4), 30 mM imidazole, and 20 mM S-ME buffer. The
resin was washed extensively and incubated with purified
DCoHI, DCoH1 T51S, or DCoH2 (40 ug). Resin was washed
twice with 550 uL of buffer and 3 times with 200 uL of buffer.
Sample loading buffer was added to the resin and analyzed with a
12.5% SDS—PAGE NEXT gel (ISC BioExpress) stained with
Coomassie Blue (Sigma).

DCoHI T51S Structure Determination. DCoH1 T51S
(13 mg/mL) crystallized with Hampton Crystal Screen no. 39
(0.1 M HEPES-Na, pH 7.5, 2% (v/v) PEG400, 2.0 M ammonium
sulfate), similar to the conditions for crystallization of wild-type
DCoHI1 (7). Crystals were briefly soaked in a cryoprotectant
composed of 0.1 M HEPES-Na (pH 7.5), 2.0 M ammonium
sulfate, 4% (v/v) PEG200, and 22.5% glycerol and flash frozen in
liquid nitrogen. Data were collected to 1.8 A at the Southeast
Regional Collaborative Access Team (SER-CAT) beamline
22-ID at the Advanced Photon Source (Argonne, IL). The data
were indexed in space group P3,21 with MOSFLM (37) and
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Table 1: Data Collection and Refinement Statistics

DCoHI1 T51S

data collection

space group

cell dimensions
a, b, ¢ (A)
a, B,y (deg)

resolution (A)

P321

103.8, 103.8, 193.6
90.00, 90.00, 120.00
50—1.8 (1.9—1.8)“

Rsym or Rmerge 0.118 (0921)

1ol 3.0 (0.8)
Mn(I)/sd 12.2(2.5)
completeness (%) 99.1 (96.6)
redundancy 9.7(8.2)
refinement
resolution (A) 1.8
no. of reflections 111045
Ryork/ Riree 21.05/22.57
no. of atoms
protein 6445
ligand/ion 88
water 524
B-factors
protein 30.80
ligand/ion 50.88
water 44.51
rms deviations
bond lengths (A) 0.006
bond angles (deg) 1.198

“Values in parentheses are for the highest resolution shell.

scaled with Scala, and F’s were calculated with Truncate using the
ELVES interface (Table 1) (38—41). The space group and unit
cell dimensions indicated the packing of DCoH1 T51S in the
crystal was the same as for PDB id IDCH (7). An initial model
consisting of two DCoH1 homotetramers, with Thr 51 changed
to Ala and with water molecules removed, was positioned relative
to the DCoH1 T51S crystal data by rigid body refinement with
CNS, allowing the position of each homotetramer to refine
independently, resulting in an R-factor of 50.5% (42). After
positional refinement and B-factor refinement, the R-factor and
R-free dropped to 32% and 35%, respectively. The model was
further refined with CNS alternated with manual building using
the programs O (43) and Coot (44). The final 1.8 A resolution
model (see Table 1 for refinement statistics) includes 397 amino
acids for one tetramer (chains A—D), 399 amino acids for the
second tetramer (chains E—H), 524 water molecules, 1 sulfate
molecule per protein monomer, and 4 glycerol molecules asso-
ciated with each tetramer.

Structure figures were generated with Pymol (45). The cavity at
the tetramer interface was calculated with the program Voidoo (46)
and written out in ezd format. The cavity was displayed in Pymol
after being converted to Xplor format using Mapman (47).

Fluorescence Unfolding Studies. DCoH unfolding was
monitored by guanidinium chloride (GdnHCI; Pierce) induced
denaturation by intrinsic tryptophan fluorescence using a PTI
C-61 spectrofluorometer (Photon Technology International).
DCoHI1 monomers contain two Trp residues, and DCoH2
monomers contain three Trp residues. Only one tyrosine is
present in both DCoH1 and DCoH?2. Excitation at 280 and
295 nm produced the same emission profiles, indicating the
fluorescence signal is dominated by the tryptophans (not shown).
Fluorescence measurements were acquired at 25 °C using an
excitation wavelength of 280 nm and emission scans from 300 to
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400 nm. The scan rate was | nm/s. Emission data at 330 nm were
used for the folding profiles.

For folding studies, all experiments were carried out at pH 7.4
in phosphate buffer. Concentrated DCoH stocks were diluted
into phosphate buffer, pH 7.4, containing 50 mM KH,PO,/
K,HPO, (Sigma, J.T. Baker), | mM DTT (Sigma), plus or minus
GdnHCI. The GdnHCI concentration was checked by refractive
index with a Fischer Scientific refractometer using the equation
described in ref 48. Solutions were prepared fresh for each
experiment and filtered through 0.22 um pore sized filters
(Whatman Puradisc). Unfolding reactions were carried out in
2 mL low retention tubes (Sigma) to minimize protein loss.

Unfolding and refolding curves were compared to confirm that
protein samples had reached equilibrium. For unfolding experi-
ments, concentrated protein stocks were diluted with phosphate
buffer containing 0—4 M GdnHCI. For refolding experiments,
concentrated protein stocks were unfolded in phosphate buffer
containing 4 M GdnHCI and incubated overnight. The fluores-
cence emission profiles at 4 and 6 M GdnHCI were identical (not
shown); therefore, 4 M GdnHCI was used for unfolding. The
following day, samples were diluted to the appropriate denatur-
ant and protein concentrations with phosphate buffer and
phosphate buffer containing GdnHCI. All samples were incu-
bated overnight prior to measurement unless otherwise indicated.
Equilibrium unfolding experiments for DCoH1 T51S were carried
out by premixing two protein stock solutions having the same final
protein concentration: one in phosphate buffer and a second in
phosphate buffer containing 4 M GdnHCI. Various volumes of
the 0 and 4 M GdnHCI protein solutions were mixed to the
appropriate GdnHCI concentrations and incubated overnight
prior to measurement. Under equilibrium conditions, emission
spectra were measured at 0.5, 1.05, 2.1, and 4.2 uM protein
concentrations. All protein concentrations are reported in terms of
DCoH monomers. For DCoH2, unfolding and refolding data
were compared to obtain the final equilibrium curve.

Fluorescence emission data were analyzed by first subtracting
the buffer background at the appropriate GdnHCI concentra-
tion, which was interpolated from the emission signal measure-
ments of phosphate buffer and phosphate buffer containing 4 M
GdnHCI. Fluorescence data were normalized using the equation:

(Y -TYy)

I:(YN_YU)

in which /s the normalized signal (typically ranging from 0 to 1),
Y the signal at a given GdnHCI concentration, Yy the signal in
phosphate buffer, and Yy, the signal in phosphate buffer contain-
ing 4 M GdnHCL

Modeling. The normalized unfolding signal was monophasic.
The data were fit to the two most likely two-state models: from
dimer to monomer (N, <> 2U), as described in ref 49 and from
tetramer to monomer (Ny < 4U) (Supporting Information
Figure S1, as described in ref 50). The model includes linear
baselines for low and high GdnHCI concentrations. The quartic
equation has single real solutions, according to Descartes’ rule of
signs. Data were fit using the program Igor Pro (WaveMetrics,
Inc.). The Igor Pro algorithms used to fit the data are included as
Supporting Information (Figure S2). The m-value and AGy,o
were fit globally to the equilibrium unfolding data, with local
baseline corrections fit to each protein concentration (Supporting
Information Figure S3). Solvent-accessible surface areas (5/)
were calculated by NACCESS (52).
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Size Exclusion Chromatography. Size exclusion chroma-
tography (SEC) analysis was carried out on a TSK-GEL Super
SW2000 column (Tosoh) and a Biosep-SEC-S3000 column (Pheno-
menex). The dimensions of both columns were 300 mm x 4.6 mm.
Mobile phase flow was controlled by a Waters 1525 binary
HPLC pump. The columns were preequilibrated in 50 mM

P e ™

Relative Fluorescence

300 310 320 330 340 350 360 370 380 390 400
Wavelength (nm)

FIGURE 2: Relative fluorescence emission spectra of native and
denatured DCoH2 and DCoHI at 2.1 uM protein in phosphate
buffer containing 0 or 4 M GdnHCI. The proteins were denatured
with 4 M GdnHCI and incubated overnight. DCoH2 denaturation
resulted in a red shift of A, from 333 nm at 0 M GdnHCI (x) to
356 nmat4 M GdnHCI (*). Denaturation of DCoHI1 resulted in a red
shift of A. from 322 nm at 0 M GdnHCI (M) to 356 nm at 4 M
GdnHCI (O). The emission signal is displayed on an arbitrary scale
for comparison. The overall emission signal for DCoH2 is greater
than for DCoH1 due to the additional Trp residue per monomer. The
excitation wavelength was 280 nm.
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KH,PO,/K,HPO,, pH 7.4, plus GdnHCI at the same concentra-
tion as the sample, at a flow rate of 0.35 mL/min at room
temperature. Ten microliters of sample was injected with an
autosampler (Waters, 717 Plus). Elution profiles were detected at
220 and 280 nm with a UV absorbance detector (Waters, 2487).
Unfolding and refolding samples were prepared as described for
fluorescence unfolding studies. The samples contained 2.1 uM
DCoH, 50 mM KH,PO,/K,HPO, 1 mM DTT, and different
concentrations of GAdnHCI, unless otherwise specified. In order
to normalize for the salt effect at different GdnHCI concentra-
tions, the chromatograms were translated so the DTT peak
overlapped with the DTT peak at low GdnHCl concentration. A
calibration curve was plotted for each column using gel filtration
standards (Bio-Rad catalog number vI151—1901) eluted with
0.05 M Na,HPO,4, 0.05 M NaH,PO,, and 0.15 M NaCl, pH
6.8. The elution volumes, V., were fit to a linear function of log of
the molecular weight.

RESULTS

DCoH Unfolding Monitored by Intrinsic Tryptophan
Fluorescence. Unfolding of DCoH1 and DCoH2 was monitored
by the intensity change of the intrinsic tryptophan fluorescence.
The DCoHI monomer contains two tryptophans at positions 25
and 66 (Figure 1). DCoH2 contains the same two tryptophans as
DCoHI1 as well as a third tryptophan at position 7.

DCoHI1 is thermally stable (29). Therefore, chemical dena-
turation was used to unfold the proteins. Surprisingly, DCoH1
was resistant to denaturation in 8 M urea (not shown) but
did unfold in GdnHCI (Figure 2). DCoHI and DCoH2 were
completely unfolded after incubating overnight in 4 M GdnHCIl.

Az,
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FiGure 3: Equilibrium unfolding of DCoH?2 in GdnHCI as measured by intrinsic Trp fluorescence. (A) Guanidine unfolding of DCoH2 is at
equilibrium after a 24 h incubation, as demonstrated by the coincidence of the unfolding (®) and refolding (A) curves at 2.1 uM DCoH2
concentration. Similar overlap was found at 0.5, 1.05, and 4.2 uM DCoH2 (not shown). Error bars show the standard deviation for three
measurements. (B) Unfolding AGy, o and m-values for the best global fits to dimer-to-monomer and tetramer-to-monomer two-state models. The
overall chi-squared values indicate similar goodness of fit for both models. (C) Normalized unfolding data of 0.5 uM (A), 1.05 uM (x), 2.1 uM (@),
and 4.2 uM (O) DCoH2. The best global fit of the tetramer-to-monomer model (N4 <> 4U) for 0.5 uM (= —), 1.05uM (-- +-), 2.1 uM (—), and
4.2 uM (---) DCoH2. Y, is the normalized fluorescence signal. (D) The best global fit of the dimer-to-monomer model (D, <> 2U). Symbols are
the same as in (C). Error bars are shown for the 0.5 and 4.2 uM protein concentration data.
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Table 2: Buried Surface Area versus m-Values

buriedﬂ caled m-value® ~ fit m-value
surface (A% (kJ/(mol-M)) (kJ/(mol-M))

DCoH2 monomer 9371
dimer interface 1549
dimer total 20291 23.5 23.8
tetramer interface 2435
tetramer total 43017.6 454 45.6
DCoHI1 T51S monomer 10212
dimer interface 1364
dimer total 21787 25.0 38
tetramer interface 2385
tetramer total 45961 48.2 85

“Buried surface area of oligomers calculated, e.g., for tetramer: 2(ASA
dimer) — (ASA tetramer) (52). Buried surface area of monomers calculated
as the sum of amino acid surfaces not accessible. “Calculated m-value
according to the formula 953 + 0.23 (AASA) in kcal/(mol-M) (51).

The red shift of the tryptophan emission maxima and lower
emission intensity is characteristic of increased solvent exposure
upon denaturation (53).

DCoH?2 Unfolding Is Reversible. Unfolding and refolding
profiles for DCoH2 overlapped after 24 h (Figure 3A). GdnHCI-
induced unfolding of DCoH2 was measured over an 8-fold
protein concentration range: 0.5, 1.05, 2.1, and 4.2 uM DCoH2.
The equilibrium unfolding is concentration dependent, as ex-
pected for oligomers (49, 54). We expected the unfolding of the
DCoH homotetramer to follow a three-state mechanism with a
dimeric intermediate, yet the equilibrium unfolding curves con-
tained a single cooperative transition. We therefore fit the data to
two-state models (Figure 3B). The native folded state of DCoH
is tetrameric, as demonstrated by the crystal structure and analy-
tical ultracentrifugation (7, 32, 55). The data were modeled to a
tetramer-to-monomer transition (N4 < 4U) (Figure 3C). The
positive slope at low GdnHCI concentrations was fit as a linear
baseline effect as a result of increasing salt (56). Given that the
DCoH1 dimer interacts with HNF-1a, we also modeled the data
as a dimer-to-monomer transition (D, <> 2U) (Figure 3D). The
data fit these two models similarly, with an overall chi-squared
value of 0.071 and 0.11 (Figure 3B). The m-values (24 kJ/(mol M)
for the dimer-to-monmer model and 45.6 kJ/(mol M) for the
tetramer-to-monomer model) were both close to the expected
values calculated from the change in accessible surface area
(Table 2) (51).

DCoH|1 Unfolding Exhibits Hysteresis. GdnHCI unfold-
ing and refolding of DCoH1, at 2.1 uM monomer concentration,
exhibited hysteresis after a 24 h incubation time (Figure 4A). The
midpoint of the unfolding curve is 3 M GdnHCI while refolding
occurs at a much lower GdnHCI concentration, at about 1.25 M
GdnHCI. An unfolding time course over 7 days revealed a slight
decrease in the unfolding transition, to 2.8 M GdnHCI (not
shown). A 3 day time course indicated no change in the refolding
curve.

The DCoH1 Thr 51 Ser Point Mutant Unfolds Revers-
ibly. We had previously proposed the difference in apparent
stability between the DCoH1 and DCoH2 homotetramers might
be due to Thr 51 in DCoHI1 instead of Ser 51 in DCoH2 (9).
While this is a conservative change, residue 51 is located at the
center of the hydrophobic core of the tetramer interface. The less
bulky Ser side chain allows for binding of an ordered water
molecule within the hydrophobic core. Other differences between
the tetrameric interfaces consist of solvent-exposed hydrophilic
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[GdnHCI] (M)

FiGuRrE 4: Unfolding of wild-type DCoH1 is not reversible. (A) Un-
folding (M) and refolding (O) of DCoH1 were measured after 24 h at
2.1 uM protein concentration. Error bars are shown for three measure-
ments and are about the size of the symbols. The unfolding transition
(midpoint) occurs at about 3 M GdnHCI, significantly higher than the
refolding transition (about 1.25M GdnHCI). After 7 days the unfolding
transition shifted by about 0.2 M GdnHCI lower (not shown). (B)
Comparison of wild-type DCoH 1 folding and refolding (as in (A)) with
DCoHI1 T51S data (@) with the tetramer-to-monomer fit (—) and
DCoH2 data (x) with the tetramer-to-monomer fit (— —). The con-
centration of DCoH in each case is 2.1 uM. Refolding of wild-type
DCoHl1 coincides with the reversible folding of DCoH1 T51S. DCoH2
is more stable to guanidine unfolding than DCoH1 T51S, as measured
by Trp fluorescence.

residues surrounding the hydrophobic core (23, 32). We gener-
ated the DCoH1 Thr 51 Ser mutation to investigate whether Thr
51 contributes to the stability of DCoH1 to GdnHCI unfolding.

In order to confirm the presence of the interfacial water mole-
culein DCoH1 T518S, we determined the crystal structurec at 1.8 A
resolution (Table 1). As expected, the electron density demon-
strated the presence of the water molecule as found in DCoH2
(Figure 5). Ser 51 in DCoH1 T51S adopts the same two alternate
conformations as in wild-type DCoH2. In one conformation the
Ser hydroxyl forms bifurcated hydrogen bonds with the water
molecule and the carbonyl oxygen of the i — 4 residue of the
o helix, Phe 47. In the other conformation the Ser hydroxyl forms
a bifurcated hydrogen bond with the Ser 51 side chain across the
tetramer interface and the carbonyl oxygen of Gly 48 along the
helix. Also in the center of the tetramer interface is a 37 A* cavity,
indicating the interface is not as tightly packed as it could be
(Figure 6).

In stark contrast to the wild-type DCoHI1, DCoH1 T51S
unfolding is reversible. Unfolding and refolding curves overlapped
after 24 h of equilibration (Figure 7A). Figure 7 shows the GdnHCl-
induced unfolding data of DCoH1 T51S measured over an 8-fold
protein concentration range between 0.5 and 4.2 uM. Like DCoH2,
no intermediate could be detected in the unfolding curves. The data
were fit to two two-state models: tetramer-to-unfolded monomer
and dimer-to-unfolded monomer (Figure 7B—D). Unlike DCoH2
unfolding, the slope at low GdnHCI concentration for DCoH1
T51S unfolding was minimal, indicating that the positive slope
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FIGURE 5: An ordered water molecule binds at the tetramer interface
of DCoH1 T518S. The F, — F, omit map (green, center), contoured at
30, indicates the position of the coordinated water. The 2F, — F. map
(blue) is shown contoured at 1o around the four Ser residues at
position 51, one from each monomer. This water molecule is also
present in DCoH2 but not wild-type DCoH1.

FIGURE 6: The tetramer interface of DCoHI1 is not tightly packed.
The primary interface between dimers (pink, beige) consists of a four-
helix bundle, with one helix contributed from each monomer (ribbon
representation). The cavity at the dimer—dimer interface was gener-
ated by the program Voidoo (46) with a 0.8 A probe and has a total
volume of ~37 A® (mesh). This volume is too small to hold a water
molecule but shows that the side chains are not tightly packed in the
center of the interface. Residues bordering the cavity are shown as
stick figures and are labeled for one monomer. A similar cavity is
present in the DCoH2 and DCoH1 T5IS tetramer interfaces. Co-
ordinates for DCoH1 from PDB id 1DCP (67).

resulted from local effects on Trp 7 of DCoH2 (Figure 1). The best
global fit was slightly better for the tetramer-to-monomer model
(chi-squared value of 0.076) than for the dimer-to-monomer model
(chi-squared value of 0.14) (Figure 7B). The m-values derived from
the fit to the data (38 kJ/(mol-M) for the dimer-to-monomer
model and 85 kJ/(mol-M) for the tetramer-to-monomer model)
were greater than the expected values based on buried surface area
(25 kJ/(mol- M) and 48 kJ/(mol- M), respectively, Table 2) (51).

Size Exclusion Chromatography. The oligomeric state of
DCoH was evaluated by SEC as a function of GdnHCI con-
centration. Interpretation of the results was complicated by the
salt dependence of the elution volume (57). To compare elution
profiles at different GdnHCI concentrations, the DTT peaks were
used as a reference (Figure §). The TSK Super SW2000 column
showed a greater dependence on ionic strength than the Biosep-
SEC-S3000 column, as suggested by the elution volume of DTT.
GdnHCI concentrations for SEC samples were chosen according
to the transitions identified in the unfolding curves measured by
intrinsic tryptophan fluorescence. For each transition two gua-
nidine concentrations were measured: one corresponding to the
edge of the “plateau”, i.e., at a guanidine concentration just lower
than the beginning of the transition, and at the midpoint of the
transition.

Rho et al.

Elution profiles for DCoH2 were measured with the TSK Super
SW2000 column: at low GdnHCI (0.5 M GdnHCI), near the edge
of the folded plateau (1.25 M GdnHCI), in the middle of the un-
folding transition (1.8 M GdnHCl), and unfolded (4 M GdnHCI)
(Figure 9A). The elution profiles were similar for the Biosep-SEC-
S3000 column (not shown). The peak at 0.5 M GdnHCI eluted
slower than the expected molecular mass of a tetramer (near 35
kDa instead of 48 kDa) (Figure 9A, level 1). The 1.25 M GdnHCI
peak eluted before the tetramer peak, and the 1.8 M GdnHCI peak
eluted after the tetramer peak (Figure 9A, level 2). The unfolded
DCoH2 monomer peak at 4 M GdnHCI eluted similar to the
tetramer peak (Figure 9A, level 3). This is likely due to a com-
bination of the increased salt concentration and the extended size
of the unfolded monomer. The overall difference in the elution
volume between peaks was less than expected for the tetrameric,
dimeric, and monomeric species based on the molecular mass
standards. While it is difficult to interpret the identity of these
species, the elution peaks suggest the existence of two unfolding
intermediates.

Elution profiles of wild-type DCoH1 were measured with the
TSK Super SW2000 column after 24 h of equilibration
(Figure 9B). Since DCoH1 unfolding showed hysteresis, unfold-
ing and refolding samples were compared. The 0 M GdnHCl and
0.15 M GdnHCI samples represent the folded tetramer. The 0 M
GdnHCI sample eluted anomalously due to the low salt buffer
(50 mM potassium phosphate, pH 7.4) (Figure 9B, level 1). This
was confirmed on the Biosep-SEC-S3000 column by rerunning
the 0 M GdnHCl sample with 0.15 M NaCl, which eluted like the
0.15 M GdnHCI sample (Figure 9C, level 1). Unfolding and
refolding samples were prepared at 0.7 M GdnHCl and 1.25 M
GdnHCI, corresponding to the refolding transition identified by
tryptophan fluorescence (Figure 4A). The elution peaks for these
GdnHCI concentrations were slightly after (0.7 M GdnHCI) and
slightly before (1.25 M GdnHCI) the 0.15 M GdnHCl tetramer
peak, suggestive of a transition (Figure 9B, level 2). Surprisingly,
the hysteresis measured by fluorescence was not apparent in the
elution profiles, since the refolding and unfolding profiles were
identical. The second transition was at 2.75 and 3 M GdnHCI,
corresponding to unfolding of wild-type DCoH1 as measured by
tryptophan fluorescence. The profiles were identical for both
guanidine concentrations, eluting as two peaks (Figure 9B,
level 3). The larger peak eluted like the unfolded monomer at 4 M
GdnHCI (Figure 9B, level 4).

The same samples were rerun on the Biosep-SEC-S3000
column 10 days later. The silica matrix of the Biosep column is
coated to minimize charge interactions. This is meant to allow
proteins to elute according to their molecular mass in the
presence of high salt (57). Despite this, the elution profiles were
similar to those of the TSK Super SW2000. The peaks still did not
correspond to the elution volumes of a tetramer, dimer, or
monomer as defined by the standard curve (Figure 9C). Two
changes in the elution profiles were apparent after 10 days of
equilibration. The first transition (between 0.7 and 1.25 M
GdnHCI) now appeared as a single species (compare Figure 9B
and Figure 9C, level 2). The second transition appeared as a
single peak instead of a double peak, transitioning completely to
the unfolded monomer for both the 2.75 and 3 M GdnHCI
unfolding samples (compare Figure 9B and Figure 9C, level 3).

In order to further test whether we could observe hysteresis
by SEC, we measured the elution profile of DCoH1 refolded to
2.75 M GdnHCI. By tryptophan fluorescence the sample appeared
to be completely unfolded, while the unfolding sample appeared
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different guanidine concentrations. The TSK-GEL SW2000 column
showed a stronger dependence on ionic strength than did the Biosep-
SEC-S3000 column. Also shown is the fit to a line, as calculated by
Excel (Microsoft).

to be completely folded (Figure 4A). After refolding for 1 day,
this sample eluted identically to the unfolding samples at 2.75 M
GdnHCI (compare Figure 9B and Figure 9C, level 3). In other
words, no hysteresis was apparent by SEC.

The elution profiles for the unfolding transition of DCoH1
T51S at 0.7 and 1.15 M GdnHCI were identical to the wild-type
DCoH1 profilesat 0.7 and 1.25 M GdnHCl (compare Figure 9D,
levels 1 and 2). This suggests that the same intermediates are
accessible to wild-type DCoH1 and DCoH1 T51S.

DCoHI1 T51S Binds to HNF-1a in Vitro. In order to test
whether the T51S mutation enhances interaction of DCoH1 with
HNF-1a, we conducted a pull-down assay with HNF-1al 1—-280-
Hisg (Figure 10). Similar to DCoH2, DCoH1 T51S now interacts

with HNF-1a in vitro through simple mixing. Since the T51S
mutation is situated in the tetramer interface, this implies that
formation of the HNF-1a complex with wild-type DCoH1 is
hindered by the stability of the homotetramer.

DISCUSSION

We present the first quantitative measurements of DCoH
homotetramer stability. These measurements are important for
understanding the regulation of DCoH’s two apparently unre-
lated functions, as a metabolic enzyme in the cytoplasm and as a
transcriptional coactivator in the nucleus (6, §). These studies
elaborate the differences in the stability of the two vertebrate
paralogues, DCoH1 and DCoH2 (77, 32). While DCoHI is
resistant to unfolding by heat and up to 8§ M urea (not shown),
DCoH1 and DCoH?2 unfold readily in 4 M GdnHCI. GdnHCl
can interact with side chains, modifying the pK, and neutralizing
charge interactions (23, 56, 58, 59). In agreement with the role of
charge interactions, low pH enhanced unfolding of DCoH1 (data
not shown). DCoH1 and DCoH2 unfold in a single transition, as
measured by intrinsic tryptophan fluorescence (Figures 3 and 4).
DCoH1 is more resistant to GdnHCI unfolding than DCoH2
(3 versus 1.8 M) (Figure 4B). DCoH1 unfolding does not reach
equilibrium after 7 days but shows a pronounced hysteresis in
which the refolding occurs at a much lower GdnHCI concentra-
tion (1.25 M GdnHCI).

The single point mutation in DCoH1 of Thr 51 to Ser, as in
DCoH2, overcomes the unfolding hysteresis of wild-type DCoH 1
(Figure 7). The structure of DCoH1 T51S is a homotetramer, like
DCoHI and DCoH2. Thr 51 is located at the center of the
hydrophobic tetramer interface, placing the four Thr 51 residues
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FIGURE 9: Size exclusion chromatography elution profiles of GdnHCI unfolded (A) DCoH2, (B, C) wild-type DCoH1, and (D) DCoH1 T51S.
Profiles have been translated vertically for comparison and labeled as levels 1—4 on the figure. (A) DCoH2. Level 1,0.5 M GdnHCI; level 2,1.25M
(—)and 1.8 M (— —) GdnHCI; level 3, 4 M GdnHCI. (B) Wild-type DCoH1 after 24 h equilibration. Unless otherwise specified, the unfolding
samples are depicted as (—) and the refolding samples are depicted as (— —). Level 1,0 M GdnHCl (left peak, — —), 0.15 M GdnHCl unfolding and
refolding (right peaks). Level 2, 0.7 M (right peak) and 1.25 M GdnHCI (left peak). Level 3, 2.75 and 3 M GdnHCI unfolding. Both profiles are
doublets. Level 4,4 M GdnHCl peak. (C) Wild-type DCoHI1 after 10 days of equilibrium. Unless otherwise specified, the unfolding samples are
depicted as (—) and the refolding samples are depicted as (— —). Level 1,0 M GdnHCI (left peak, — —), 0 M GdnHCI plus 0.15 M NaCl (right-
most peak, —), 0.15 M GdnHCI unfolding and refolding. The 0 M GdnHCI peak runs anomalously due to the low salt. Level 2, 0.7 and 1.25 M
(folding and unfolding) GdnHCI. The profiles are now coincident. Level 3, 2.75 and 3 M GdnHCl unfolding and 2.75 M GdnHCl refolding after
24 h of equilibration. Level 4,4 M GdnHCI. (D) DCoH T518S. Level 1,0 M GdnHCI (left, — —), 0.7 M (right) and 1.15 M GdnHCI (middle peak).
Level 2, wild-type DCoH 1 peaks at0.7 and 1.25 M GdnHCl after 24 h of equilibration. These peaks elute at the same volume as the 0.7 and 1.15M
GdnHCIDCoH1 T51S peaks (level 1). Level 3,4 M GdnHCI. Profiles have been translated so the DTT peaks (right peak of each profile) overlap
with the DTT peak of the lowest guanidine concentration sample greater than 0 M GdnHCI. The left vertical axis shows the absorbance of the
elution profiles at 220 nm. The right vertical axis shows the log of the molecular weight (MW) from the standards. The vertical dotted lines indicate
the elution volumes (from left to right) of a DCoH tetramer (48 kDa), dimer (24 kDa), and monomer (12 kDa), as predicted from the linear fit to
log (MW) of the standards (@®). Elution volumes are measured in mL. (A), (B), and (D) used the TSK-GEL Super SW2000 column. (C) used the
Biosep-SEC-S3000 column.

from each DCoH1 monomer in close proximity. Like DCoH2, a
buried water molecule is positioned in the center of the DCoH1
T51S structure, hydrogen bonding with the Ser 51 side chains
(Figure 5). It is difficult to predict the energetic cost of the T51S
mutation. As has been noted elsewhere, the energetic cost of
ordering a water molecule can be compensated by the formation
of hydrogen bonds, in this case to the water molecule and across
the tetramer interface (60). Even so, the T51S mutation signifi-
cantly reduces the guanidine concentration required for unfold-
ing DCoHI1.

Because Thr 51 is positioned in the tetramer interface, the Ser
mutation most likely destabilizes the DCoH1 homotetramer.
DCoH1 T51S unfolds reversibly with a folding midpoint around
1.15 M GdnHCI, similar to the refolding of wild-type DCoHl1

(Figure 4B). This suggests that the refolding transition for wild-
type DCoH 1 occurs at the same step in the folding pathway as the
reversible folding of DCoH T51S. This could be the case if the
single transition represents dimer-to-monomer folding, as de-
picted in Scheme 1. In this scheme, unfolded monomers fold
reversibly to a dimer burying the Trp residues. Unfolding of the
wild-type DCoHI1 tetramer is slow, explaining the hysteresis.

slow

Ny —2Dy=U (Scheme 1)

We consider the dimer to be the most likely unfolding
intermediate because (1) the dimer buries significant surface area
(1360—1550 A plus hydrogen bonds across the S-sheet at the
dimer interface; Table 2 and Figure 1); (2) the prokaryotic
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FIGURE 10: DCoHI T51S interacts with HNF-1a in vitro. HNF-1a
1—280-Hiss was immobilized on nickel affinity resin (lane 3) and
incubated with purified DCoH1, DCoH1 T51S, or DCoH2. DCoH1
T51S and DCoH2 bind to HNF-1aw 1-280 (lanes 9 and 12) unlike
DCoH1 wild type (lane 6). DCoH proteins did not bind to the beads
alone (lanes 5, 8, and 11). DCoH and HNF-1a loads are shown in
lanes 2, 4, 7, and 10. Protein standards (Bio-Rad Precision Plus) are
shown in lane 1.

DCoH, PhhB, is dimeric (6/); (3) a DCoH dimer interacts with
HNF-1a (3, 9); and (4) a dimer of DCoH2 has been reported by
size exclusion chromatography (/5). The DCoH2 and DCoHl1
T51S equilibrium unfolding curves fit a dimer- or tetramer-
unfolding model almost as well (Figures 3 and 7). For DCoH2
both the dimer-unfolding and tetramer-unfolding models predict
reasonable m-values (Figure 3B, Table 2). For DCoH1 T51S, the
m-value for the tetramer-unfolding model was much larger than
expected (Figure 7B, Table 2). The m-value for the dimer-
unfolding model was more reasonable (Table 2). The intermedi-
ate cannot be a monomer since folding of DCoH1 T5IS is
concentration dependent.

DCoH2 is more stable to guanidine unfolding than DCoH1
T51S (Figure 4B). This was unexpected given the greater
apparent stability of wild-type DCoH1. The tetramer interfaces
of DCoH1 T51S and DCoH2 are mostly conserved, particularly
the hydrophobic cores (32). Two hydrogen bonds across the
tetramer interface (Lys 59 to Asp 61 and Arg 45 to Gln 98) have
been proposed to stabilize the DCoH1 homotetramer (23). These
interactions are accessible in the DCoH1 T51S mutant as in wild-
type DCoH1, yet none of these hydrogen bonds form in the
DCoH T51S structure. Comparing the structures of DCoH1 and
DCoH2 indicates a large number of charge—charge interactions
and hydrogen bonds on the monomer surfaces that could be
disrupted by GdnHCI (Supporting Information Table S1). The
greater stability of DCoH2 to guanidine denaturation, as mea-
sured by Trp fluorescence, may therefore reflect greater stability
of the dimer and not the tetramer.

Folding Intermediates Detected by Size Exclusion Chro-
matography. Size exclusion chromatography was carried out to
identify intermediates not observable by intrinsic Trp fluores-
cence. The elution profiles varied at different guanidine concen-
trations (Figure 9). The peaks all eluted between the predicted
molecular masses of a tetramer and a dimer, including the
unfolded monomer. The peaks might elute anomalously because
of the shape of the protein or changes in ionic strength due to
guanidine. According to Tosoh, the optimal mobile phase for the
TSK-GEL SW columns is between 0.1 and 0.5 M ionic strength
to avoid ionic or hydrophobic interactions with the silica matrix.
The Biosep-SEC S3000 silica support is coated with a hydrophilic
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coating to minimize interactions (62). The effect of ionic strength
on interactions with the matrix was apparent in the variation of
the retention times of the DTT peak at different GdnHCI con-
centrations (Figure 8). The variation was less for the Biosep-SEC
S3000 column, but was detectable. To compare chromatograms
at different GdnHCI concentrations, we aligned the DTT peaks.
This is a crude approximation since DCoH does not share the
same hydrophobic and ionic characteristics as DTT. Never-
theless, the elution profiles were similar with both columns,
suggesting the position of the peaks were independent of inter-
actions with the matrix.

The elution profiles may also depend on the flow rate through
the column (63). For a complex, the elution peaks reflect the
initial equilibrium conditions of the sample if the on-rate and off-
rate of the complex are slow relative to the column elution
time (63). In contrast, if equilibration of the complex is instanta-
neously fast, a single peak will elute midway between the complex
and the free constituents. For instantaneously fast conditions the
peak shape is characteristically skewed with a sharp leading edge
and an elongated trailing edge, like the shape of the 0.7 M
GdnHCI peak (Figure 9B, level 2). At off-rates slower than
instantaneous but still fast, the peak position may shift toward
the free constituents or may elute as two peaks, depending on the
on-rate and the flow rate of the mobile phase. The linear flow rate
through these columns is 2 cm/min, at a flow rate of 0.35 mL/min.
Stevens proposed that a half-life of a complex less than 5—10% of
the run time of the SEC column could result in two peaks, or for
our columns an off-rate >0.01 s~' for 20 min run times (63).
These effects may be particularly relevant to chemical denatura-
tion studies since the off-rate of the complex can increase as the
dissociation constant increases at higher guanidine concen-
trations.

Our elution series minimally represent two folding intermedi-
ates for DCoH1 and DCoH2: one eluting after the tetramer peak
and one eluting before the tetramer peak. The identity of these
species is not yet known, but a few observations are notable.
First, there is no apparent hysteresis in the unfolding of wild-type
DCoHI1 by SEC, at 0.7 M GdnHCI or at 2.75 M GdnHCL. In
order to reconcile this with the pronounced hysteresis detected by
Trp fluorescence, we propose that the peak at 0.7 M GdnHCI
must represent an intermediate (I4) that is accessible via unfold-
ing and refolding, for example, Scheme 2:

N, 1 22 p,<1<U

fast

(Scheme 2)

where I, was detected by Trp fluorescence.

Hysteresis could result from slow unfolding of 14. The peak at
2.75 M GdnHCl must be an intermediate (I;) with no tryptophan
fluorescence, given that it is not detected by fluorescence during
refolding. In this scheme, the transition from I; to the dimer (D)
represents the reversible folding step identified by Trp fluores-
cence in Scheme 1. Further studies are required to characterize
these intermediates.

There are two time-dependent transitions in the unfolding of
wild-type DCoHI1. After equilibrating for 1 day, the peaks at 0.7
and 1.25 M GdnHCl eluted separately (Figure 9B, level 2), and
the peak at 2.75 and 3 M GdnHCl eluted as a doublet (Figure 9B,
level 3). After 10 days the peaks at 0.7 and 1.25 M GdnHCl eluted
together (Figure 9C, level 2), and the doublet at 2.75 and 3 M
GdnHCl eluted as a single peak (Figure 9C, level 3). These time-
dependent changes support the possibility of kinetically slow
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steps in DCoH1 unfolding. The DCoH1 homotetramer may be
kinetically stable, rather than thermodynamically stable (33, 64).
Other examples of kinetic stability of oligomers have been
identified, such as thermophilic alcohol dehydrogenase and
transthyretin (65, 66).

Implications for DCoH Regulation of HNF-1. Formation
of the DCoHI/HNF-1o complex requires cofolding (3, 9, 31). The
hysteresis in DCoH1 unfolding suggests that the wild-type DCoHI1
homotetramer is essentially trapped once it forms. Refolding of
the DCoH1 dimer appears to be reversible, as with DCoH1 T51S,
allowing interaction with HNF-lo. In liver cells, the DCoHl
concentration (low micromolar) far exceeds the concentration of
HNF-1a (nanomolar) (3, 15, 17, 24, 25). Due to the stability of the
DCoHI homotetramer, the general pool of DCoHI may not be
available to interact with HNF-1o.. As a result, complex formation
may depend on newly translated DCoH1 in proximity to HNF-1al
dimers in the cytoplasm. Because the DCoH2 dimer is more stable
than the DCoH1 dimer, formation of DCoH2/HNF-1a complexes
may be favored over DCoH1/HNF-1a. complexes if DCoH?2 is
present.

Future Studies. As a first step in understanding the process of
DCoHI1/HNF-1 cofolding, we are characterizing the folding path-
way of the DCoH1 and DCoH2 homotetramers. Further studies
are required to understand the unfolding hysteresis of DCoH1 and
whether it has a thermodynamic or kinetic origin (33, 64). We
predict that the unfolding of the wild-type DCoH1 homotetramer
will not be concentration dependent, if it depends on the off-rate of
the tetramer alone. One unanswered question is the concentration
dependence of the intermediates identified by SEC. Finally, kinetic
studies will be needed to characterize the folding pathway and,
ultimately, formation of the DCoH1/HNF-1a complex.
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The equations used to fit the tetramer-to-monomer model
(Figure S1), Igor Pro algorithms used for fitting the data to the
tetramer-to-monomer and dimer-to-monomer unfolding models
(Figure S2), the best parameters for the global fit to the tetramer-
to-monomer and dimer-to-monomer models, including base-
line fits (Figure S3), and a table listing hydrogen-bonding and
charge interactions that stabilize the DCoH1 and DCoH2
dimers (Table S1). This material is available free of charge via
the Internet at http://pubs.acs.org.
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