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ABSTRACT: Tyrosine hydroxylase (TyrH) catalyzes the
hydroxylation of tyrosine to form 3,4-dihydroxyphenylalanine,
the first step in the synthesis of catecholamine neuro-
transmitters. The protein contains a 159-residue regulatory
domain (RD) at its N-terminus that forms dimers in solution;
the N-terminal region of RDTyrH (residues 1—71) is absent in
the solution structure of the domain. We have characterized
the conformational stability of two species of RDTyrH (one
containing the N-terminal region and another lacking the first
64 residues) to clarify how that N-terminal region modulates
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the conformational stability of RD. Under the conditions used in this study, the RD species lacking the first 64 residues is a
monomer at pH 7.0, with a small conformational stability at 25 °C (4.7 + 0.8 kcal mol™"). On the other hand, the entire
RDTyrH is dimeric at physiological pH, with an estimated dissociation constant of 1.6 M, as determined by zonal gel filtration
chromatography; dimer dissociation was spectroscopically silent to circular dichroism but not to fluoresecence. Both RD species
were disordered below physiological pH, but the acquisition of secondary native-like structure occurs at pHs lower than those
measured for the attainment of tertiary native- and compactness-like arrangements.

yrosine hydroxylase (TyrH) is the enzyme that catalyzes

the rate-limiting step in catecholamine biosynthesis."” It
catalyzes the conversion of tyrosine to 3,4-dihydroxyphenylala-
nine, which is the precursor for the neurotransmitters
norepinephrine, epinephrine, and dopamine. Dysregulation of
TyrH is associated with bipolar disorder, schizophrenia, and
hypertension due to the key role played by those neuro-
transmitters in the autonomous nervous system.3_6 TyrH
belongs to the family of pterin-dependent aromatic amino acid
hydroxylases, together with phenylalanine hydroxylase (PheH)
and tryptophan hydroxylase.” By using O, and BH, as the other
substrates, together with the related amino acid, the three
enzymes catalyze the hydroxylation of their corresponding
residue.”

Rat TyrH is a 498-residue polypeptide chain,® which forms
tetramers through its C-terminus.” Each monomer is composed
of an N-terminal RD (containing ~160—200 amino acids,
depending on the species), a catalytic domain (~300 residues),
and a C-terminal tetramerization domain (~45 amino acids).'>""
The NMR solution structure of the RD of TyrH, RDTyrH,
shows a largely unfolded N-terminal region (residues 1—71) and
a well-folded C-terminal portion (residues 72—159). The C-
terminal region, as concluded from the solution structure of the
truncated version of the RD containing residues 65—159,"% is
formed by a four-stranded antiparallel S-sheet (f1, residues 75—
77; 2, residues 80—84; 33, residues 110—116; and 4, residues
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131-137) and two a-helices (al, residues 97—106; and a2,
residues 139—152) connected by five loops; the helices are
parallel with and on one side of the sheet'* (Figure 1). This
structure is very similar to the crystal structure of the RD of
PheH." The isolated RDTyrRH in solution is a homodimer,
forming an ACT domain dimer'* composed of an eight-stranded
P-sheet with four helices on one side of the sheet; the
dimerization interface is composed of strand 3 and helix al,
burying a small surface area (770 A” for each monomer, which is
~12% of the total monomer surface area).

In this report, we describe the conformational stabilities of two
variants of RDTyrH. With the first one, lacking residues 1—64
(RDTyrHgs_,59), we attempted to study the conformational
stability and structure, at different pHs, of the isolated well-folded
region of RDTyrH. With the second species, containing the 64
disordered residues at the N-terminus (RDTyrH), we attempted
to evaluate the influence, if any, of those residues on the
conformational stability and structure of the protein. Our results
suggest that the stability of the well-folded region of the RD is
very small (4.7 + 0.8 kcal mol™’, at 25 °C and pH 7.0). The N-
terminal residues seem to affect the stability of the RD through
the solvent exposure of the accessible surface area (ASA).
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Figure 1. Structure of RDTyrHgs_;so. The dimeric solution structure of
the domain is shown with the elements of secondary structure in
different colors (Protein Data Bank entry 2MDA): f-strands in yellow
and a-helices in red. The sole Tyr131 is shown as sticks. This figure was
produced with Pymol.>®

Thermally induced denaturations of both proteins were shown to
be irreversible at both pH 4.0 and 7.5, precluding the
determination of the thermodynamic parameters of the
unfolding reaction, because it is under kinetic control. Both
proteins were populating partially folded species at pH <7.0, with
apparent flexible secondary structure and a lack of tertiary
structure, which may involve self-associated molecules. The
acquisition of secondary native-like structure occurs at pHs lower
than those measured for the attainment of tertiary native- and
compactness-like scaffolds, populating molten-globule-like spe-
cies. The RDTyrH species dimerized with a K, of 1.6 M, but the
self-association process was spectroscopically silent by CD.

B EXPERIMENTAL PROCEDURES

Materials. Ultrapure urea and GdmCl were from ICN
Biomedicals Inc. Their concentrations were calculated as
described previously."> Trizma acid and base, NaCl, the sodium
dodecyl sulfate (SDS) low-molecular weight protein markers
(containing bovine serum albumin, ovalbumin from chicken egg,
glyceraldehyde-3-phosphatase dehydrogenase from rabbit
muscle, carbonic anhydrase from bovine erythrocytes, trypsi-
nogen from bovine pancreas, trypsin inhibitor from soybean, a-
lactalbumin from bovine milk, and aprotinin from bovine lung),
ultrapure dioxane, and ANS were from Sigma. The low-
molecular weight marker for the gel filtration column (containing
ribonuclease A, chymotrypsinogen A, ovalbumin, albumin, and
blue dextran 2000) was from GE Healthcare (Barcelona, Spain).
Dialysis tubing with a molecular weight cutoff of 3500 Da was
from Spectrapore. Standard suppliers were used for all other
chemicals. Water was deionized and purified on a Millipore
system.

Protein Expression and Purification. The vectors of both
proteins were a kind gift from P. F. Fitzpatrick (The University of
Texas Health Science Center at San Antonio, San Antonio, TX).
The expressions and purifications of RDTyrH and
RDTyrHg;_,5o were conducted as described previously.'” The
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only variation in the protocol was the substitution of the mixture
of inhibitors (1 #M leupeptin, 1 uM pepstatin, and 250 yg/mL
phenylmethanesulfonyl fluoride) with a tablet of Sigma protease
cocktail during the lysis step. The purities of all protein
preparations used were >95% based on SDS—polyacrylamide
gel electrophoresis.

NMR Spectroscopy. The NMR experiments were con-
ducted at 20 °C on a Bruker Avance DRX-500 spectrometer
equipped with a triple-resonance probe and z-pulsed field
gradients.

One-Dimensional (1D) NMR Experiments. Homonuclear 1D
NMR experiments were performed with RDTyrH and
RDTyrHgs_150 at a concentration of 150 uM (in protomer
units) in 0.5 mL, (i) at pH 7.0 in SO0 mM phosphate buffer or (ii)
at pH 4.5 (50 mM deuterated acetic acid) in H,0/D,0 buffer
[90%/10% (v/v)] (uncorrected for deuterium isotope effects).
TSP was used as the external chemical shift reference. The 1D 'H
spectra were acquired with 16K data points, with 512 scans and a
6000 Hz spectral width (12 ppm), by using the WATERGATE
sequence.'® Baseline correction and zero filling were applied
before processing. All spectra were processed and analyzed by
using TopSpin 2.1 (Bruker GmbH, Karlsruhe, Germany)
working on a personal computer.

Translational Diffusion Measurements (DOSY experi-
ments). These were performed with the pulsed-gradient spin—
echo sequence, by using the same procedures described
elsewhere.'”'® Further experimental details are provided in the
Supporting Information.

Size Exclusion Chromatography (SEC). This technique
was used to determine the Rg values of RDTyrH and
RDTyrHg_;5.'” ' Protein concentrations ranged from S0 to
750 uM. Experiments were performed at 20 °C. Samples were
loaded in SO mM phosphate buffer (pH 7.0), 150 mM NaCl (to
avoid interactions with the column), and 2 mM EDTA (to avoid
protein degradation) in a calibrated Superdex 75 10/30 HR
FPLC column (GE Healthcare). In all chromatograms, the
elution volumes were obtained from analyses with UNICORN
software (GE Healthcare). The void volume (7.54 + 0.06 mL)
was determined from blue dextran and the bed volume (18.98 +
0.03 mL) from conductivity measurements. Samples were eluted
at arate of 1 mL/min and continuously monitored with an online
detector at a wavelength of 280 nm.

As the elution volume of RDTyrH was dependent on protein
concentration (see Results), the pH and urea denaturation
experiments were conducted at a protein concentration of 100
uM (in protomer units). For RDTyrHg_,59, a protein
concentration of 100 yM (in protomer units) was also used.
For the pH denaturation experiments, the corresponding buffer
(see below) was prepared at a final concentration of 50 mM,
containing 150 mM NaCl and 2 mM EDTA. Urea denaturation
experiments were conducted at pH 7.0 (50 mM phosphate
buffer) with 150 mM NaCl and 2 mM EDTA.

The standards used in column calibration and their
corresponding Rg values were as follows: ribonuclease A (16.4
A), chymotrypsinogen (20.9 A), ovalbumin (30.5 A), and bovine
serum albumin (35.5 A).*” Elution volumes of these were
acquired only under native conditions: pH 7.0 (50 mM
phosphate buffer) with 150 mM NaCl. Protein concentrations
for the standards were in the range of 10—20 uM.

The weight-average partition coefficients (o) of protein
standards and RD species were calculated with the equation ¢
= (V. = V,)/V.. The o values were transformed by using the
inverse error function complement [erfc™'(¢)], which yieldsu’22
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Ry = a + blerf ¢ '(0)] €))

where a and b are constants. The inverse error function

complement is™” ¢ = 1 — (2/ \/ ) [ e dx, and the function
under the integral is the Gaussian function of probability.

Fluorescence. Spectra were recorded at 25 °C on a Cary
Varian spectrofluorimeter (Agilent), with a Peltier temperature
controller. Sample concentrations were 20 yM (in protomer
units) in the pH and chemical denaturation experiments for both
RD species, and also 30 uM (in protomer units) for RDTyrH.
The final concentrations of the buffers were, in all cases, 10 mM.
The experiments were set up the day before and left overnight at
S °C. Control experiments were also conducted after a 2 h
incubation at room temperature; no differences with those
prepared the day before were observed. A 1 cm path length
quartz cell (Hellma) was used.

Intrinsic Fluorescence. Protein samples were excited at 278
nm in the pH range from 2.0 to 12.0. The rest of the experimental
parameters has been described elsewhere.'”** Appropriate blank
corrections were added to all spectra.

Chemical denaturations at pH 7.0 (phosphate buffer),
followed by fluorescence or CD, were conducted by dilution of
the proper amount of an 8 M urea stock solution. Fluorescence
experiments were also performed in GdmCl (from a 7 M stock
solution). All the denaturations in urea were shown to be
reversible by following (1) (see below) for both proteins at a
concentration of 20 uM (in protomer units) (Figure 1 of the
Supporting Information).

The pH of each sample was measured after completion of pH
denaturations with an ultrathin Aldrich electrode in a Radio-
meter (Copenhagen, Denmark) pH-meter. The salts and acids
used have been described elsewhere.'””*** The reversibility of
the pH denaturations was tested by using 1D 'H NMR
experiments. Experiments were conducted at physiological pH
for each protein, and then the corresponding RD species was
exchanged at pH 4.5 by using Amicon centrifugal devices; spectra
were recorded at that pH, then the proteins exchanged back at
physiological pH by using Amicon centrifugal devices, and new
spectra recorded and compared with those obtained previously.
In both proteins, the spectra recorded were identical (data not
shown).

The wavelength-averaged emission intensity (also called the
spectrum mass center), (1), was calculated as described
previously.'”*> Briefly, the wavelength-averaged emission

n 1
intensity, (1), is (1) = %, where I; is the intensity at
iy
wavelength 4. From its definition, the parameter is an integral of
the value of the fluorescence spectrum, and thus, it allows us to
obtain information over all the intensities acquired in the
spectrum (instead of using a single one, which is usually done
when following denaturations in fluorescence). We report (1) in
units of yum™". Chemical and pH denaturations were repeated
three times with new samples at any of the concentrations
assayed.

Thermal Denaturations. These were performed at constant
heating rates of 60 °C/h and an average time of 1 s. The “average
time” is the “sampling time” of the instrument at each
temperature. Ideally, in a thermal scan experiment, this time
should be much lower than the scan rate of the experiment, to
ensure that the temperature is constant during the acquisition of
fluorescence emission at a particular temperature [under our
conditions, the temperature change during the sampling time
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(0.017 °C) was negligible]. Thermal scans were conducted at
308 nm by excitation at 278 nm from 25 to 85 (or 95) °C. The
rest of the experimental set was the same as described above. The
thermal denaturations for both species were not reversible at any
pH.

Fluorescence Quenching. Quenching by either iodide or
acrylamide was examined under different solution conditions.
Protein concentrations were 20 uM (in protomer units).
Excitation was at 278 nm; emission was measured from 300 to
400 nm. In the quenching with KI, the ionic strength was kept
constant by addition of KCI; also, Na,S,0; was added to a final
concentration of 0.1 M to prevent formation of I;~. The presence
of KCl did not modify the structure of RDTyrH or
RDTyrHgs_;50, based on the absence of changes in the shape
and ellipticity of the CD spectra in the presence of KCI (0—1 M)
(data not shown). The slit width was set at 5 nm for both
excitation and emission. For quenching with KI, the data were
fitted to*°

E/F =1+ K,[X] )

where K., is the Stern—Volmer constant for collisional
quenching, F, is the fluorescence when no KI is present, and F
is the fluorescence at any KI concentration. The range of KI
concentrations explored was 0—0.7 M. We explored the
quenching at pH 4.0 (acetate buffer) and pH 7.0 (Tris buffer).
Experiments were also conducted in the presence of 6 M urea at
pH 7.0 (10 mM Tris buffer).

For acrylamide quenching, the experimental parameters were
the same as with KI. However, the Stern—Volmer equation was
modified to include an exponential term to account for dynamic
quenching [Fy/F = (1 + KSV[X])e"[X],26 where v is the dynamic
quenching constant]. This equation is identical to eq 2 when v =
0.

ANS Binding. The excitation wavelength was 380 nm, and
emission was measured from 400 to 600 nm. Slit widths were §
nm for excitation and emission lights. ANS stock solutions were
prepared in water and diluted to yield a final concentration of 100
uM. Blank solutions were subtracted from the corresponding
spectra. ANS was used to monitor the pH denaturation of both
proteins and the urea denaturation of RDTyrHg,_;5o [at 20 uM
protein (in protomer units)]. In the pH denaturation experi-
ments, protein concentrations were 15 uM (in protomer units).

Circular Dichroism (CD). Circular dichroism spectra were
recorded on aJasco J810 (Japan) spectropolarimeter fitted with a
thermostated cell holder and interfaced with a Peltier unit. The
instrument was periodically calibrated with (+)-10-camphorsul-
fonic acid. Molar ellipticity was calculated as described
previously.”!

Far-UV Spectra. Isothermal wavelength spectra of RDTyrH
and RDTyrHg;_ s at different pHs or urea concentrations were
recorded at a scan speed of 50 nm/min with a response time of 4
s and averaged over six scans at 25 °C, in a 0.1 cm path length cell.
Protein concentrations ranged from 20 to 50 M for each protein
(in protomer units) in 10 mM buffer. Spectra were corrected by
subtracting the baseline in all cases. The chemical and pH
denaturations were repeated at least three times with new
samples. The samples were prepared the day before and left
overnight at 5 °C to allow for equilibration.

Thermal Denaturation Experiments. The experiments were
performed at constant heating rates of 60 °C/h and a response
time of 8 s. Thermal scans were collected in the far-UV region
following the changes in ellipticity at 222 nm from 25 to 80 °Cin
0.1 cm path length cells with a total protein concentration of 20
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Table 1. Hydrodynamic Measurements for Both RD Species

RDTyrHgs_;59 RDTyrH
technique conditions property measured” conditions property measured”
DOSY 43 uM, pH 7.0, S0 mM phosphate buffer, 20 °C (8.4 £ 0.5) x 1077 150 uM, pH 7.0, 50 mM phosphate buffer, 20 °C (542 + 0.05) X 1077
NMR cm?s™! (16 +2 A) cm®s™! (26 +2 A)
330 4M, pH 7.0, S0 mM phosphate buffer, 20 °C  (7.93 + 0.07) x 10~/ 150 uM, pH 4.5, 50 mM acetate buffer, 20 °C  (4.38 + 0.07) x 1077
cm?s™! (16 £ 2 A) cm? 57!
60 uM, pH 4.5, S0 mM acetate buffer, 20 °C (74 £03) x 1077
cm?s”
DLS? 277 uM, pH 7.5, SO0 mM Hepes buffer, 20 °C 2.7+02nm (12.5kDa) 554 uM, pH 7.5, 100 mM Hepes buffer, 20 °C 4.8 & 0.7 nm (34.7 kDa)
277 uM, pH 4.0, 50 mM acetate buffer, 20 °C 3.7+ 0.8 nm (21.8kDa) 554 uM, pH 4.0, 100 mM acetate buffer, 20 °C 7 + 1 nm (80.9 kDa)
554 uM, pH 7.5, SO mM Hepes buffer, 20 °C 2.6 + 0.3 nm (12.1 kDa)
554 uM, pH 4.0, 50 mM acetate buffer, 20 °C 3.6+ 0.3 nm (21.7 kDa)
800 uM, pH 7.5, SO mM Hepes buffer, 20 °C 2.4+ 0.9 nm (12.0 kDa)
800 1M, pH 4.0, SO mM acetate buffer, 20 °C 4.5 + 0.6 nm (35.0 kDa)
SEC* 70 M, pH 7.0, 50 mM Tris buffer with 150 mM  12.14 + 0.06 mL 58 uM, pH 7.0, 50 mM Tris buffer with 150 mM  9.76 + 0.08 mL
NaCl and 2 mM EDTA, 20 °C NaCl and 2 mM EDTA, 20 °C
140 uM, pH 7.5, 100 mM Tris buffer with 150 12.07 + 0.04 230 uM, pH 7.0, 50 mM Tris buffer with 150 9.67 + 0.02 mL
mM NaCl and 2 mM EDTA, 20 °C mM NaCl and 2 mM EDTA, 20 °C
277 uM, pH 7.0, 50 mM Tris buffer with 150 mM  12.11 + 0.08 600 uM, pH 7.0, 50 mM Tris buffer with 150 9.66 + 0.03
NaCl and 2 mM EDTA, 20 °C mM NaCl and 2 mM EDTA, 20 °C
540 uM, pH 7.0, S0 mM Tris buffer with 150 mM  12.10 + 0.05

NaCl and 2 mM EDTA, 20 °C

“In the DOSY experiments, the magnitude measured is the translational diffusion coefficient, D (in parentheses, the Ry is indicated at the
physiological pHs), in DLS measurements R, and in SEC experiments the elution volume, given as the average of three measurements. *In each
measurement, the calculated molecular weight assuming a spherical shape is given within parentheses. “The calculated Rg was 21 + 2 A at all elution
volumes in RDTyrHg_;so. The calculated Rg for RDTyrH at the highest concentrations was 34 + 2 A. Not all the concentrations explored for

RDTyrH are included (see Figure 2C).

uM (in protomer units). Solution conditions were the same as
those reported in the steady-state experiments. No difference was
observed between the scans aimed to test drifting of the
spectropolarimeter. Thermal denaturations were not reversible
at any pH for any RD protein, as shown by (i) the comparison of
spectra before and after heating and (ii) the changes in the
voltage of the instrument.””

Dynamic Light Scattering (DLS). DLS measurements were
performed with a Zetasizer Nano ZS (Malvern Instruments Ltd.)
using a thermostated 12 pL quartz sample cuvette. Samples of
protein were prepared at different concentrations [280, 577, and
800 uM (in protomer units)] in SO mM acetate buffer (pH 4.0)
and in S0 mM Hepes buffer (pH 7.0). All the solutions were
filtered; immediately before measurements, protein samples
were centrifuged for 30 min at 14000 rpm and room temperature
to remove any aggregates and dust. Measurements were
performed on each sample at 20 °C to determine the Rg. Data
were analyzed using the software developed by Malvern
Instruments Ltd. The Rg and molecular weight were determined
from the Stokes—Einstein equation, assuming a spherical shape
for both proteins.

It is important to stress here that we used a 50 mM phosphate
buffer concentration in SEC, ITC (see below), NMR, and DLS
measurements, whereas we used a final buffer concentration of
10 mM in the CD and fluorescence experiments. We used a
higher concentration of buffer in SEC, ITC (see below), NMR,
and DLS experiments because of the higher protein concen-
tration (in protomer units) used. When preparing the quenching
experiments, we did not observe any change in the shape of the
far-UV CD spectrum of both proteins when the control
experiments were conducted at 0 and 1 M KCL

Analysis of the pH, Thermal, and Chemical Denatura-
tion Curves, and Free Energy Determination. The pH
denaturations were analyzed assuming that both protein species,
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protonated and deprotonated, contributed to the spectral
properties:

X, + X, 10"¢PH-PK)
X — a

1 + 10"®H-PK) 3)
where X is the spectral property being observed (ellipticity,
fluorescence intensity, or (1)), X, is that for the acidic species, X;,
is that observed at high pHs, pK, is the apparent midpoint of the
titrating group, and n is the Hill coefficient (which was close to 1
in all the curves reported in this work). The apparent pK,
reported (from intrinsic or ANS fluorescence and CD) was
obtained from three different measurements in each technique,
prepared with new samples.

The thermal and chemical denaturation data for monomeric
species were fitted to the two-state equation

X = (XN + XDE_AG/RT)/(I + e—AG/RT) (4)
where R is the gas constant, AG is the denaturation free energy,
and T is the temperature in kelvin. Xy and Xy, correspond to the
physical property of the native and denatured protein,
respectively, being monitored. Both parameters showed a linear
relationship with the temperature or the denaturant concen-
tration.

Chemical denaturation curves for RDTyrHgs 5o were
analyzed according to the linear extrapolation model, in which
the free energy is given by AG =m([D],, — [D]),"* where [D] is
the denaturant concentration, [D],, is that at the midpoint of
the transition, and m is the slope of the curve.

The equations given above must be modified (by the
introduction of a concentration-dependent term)™*~>" if
dissociation of a self-associated species is explored. Because in
our measurements of RDTyrHg;_, <o, no dissociation of dimeric
species was observed [as we did not observe a protein
concentration dependence in the spectroscopic signals (see

DOI: 10.1021/acs.biochem.6b00135
Biochemistry 2016, 55, 3418—3431


http://dx.doi.org/10.1021/acs.biochem.6b00135

Biochemistry

Results)], we used the equations given above without any
concentration-dependent term. However, we did observe a
concentration dependence in the fluorescence signal of RDTyrH
and then in a dimeric equilibrium (see Results). The thermal and
chemical denaturation data for a dimeric species were fitted to
the two-state equation:”*°

X=Xy- Xy - XD)e_AG/RT (

©)

where the AG in chemical denaturations would be given by the
equation AG = m([D],,, — [D]) — RT In(C,), where C, is the
total protein monomer concentration.

It is important to indicate here that the use in fluorescence of
(4) (an intensive variable)*® or the emission intensity (an
extensive variable) at 308 nm yielded the same chemical
denaturation thermodynamic parameters for both proteins, and
both will be used in Results.

Fitting by nonlinear least-squares analysis to eqs 4 and S was
performed by using Kaleidagraph (Abelbeck software) working
on a personal computer.

Isothermal Titration Calorimetry (ITC). The ITC experi-
ments were conducted by using a VP-ITC instrument (Micro-
Cal, Northampton, MA). Before the calorimetric experiments,
the proteins were concentrated and dialyzed at 4 °C against 50
mM Tris and 400 mM NaCl (pH 7.5). Dilution ITC experiments
involved sequential injections of microliter amounts (20 L) of a
stock of concentrated protein (ranging from 300 to 700 M (in
protomer units)) into the calorimetric cell (1.4 mL); the cell
initially contained isolated buffer.

Differential Scanning Calorimetry (DSC). DSC experi-
ments were performed with a VP-DSC calorimeter (MicroCal).
Protein solutions were prepared by exhaustive dialysis against 50
mM Tris and 400 mM NaCl (pH 7.5) at 5 °C. Experiments were
conducted and results processed as previously described.'”
Further experimental details are provided in the Supporting
Information.

B RESULTS

RDTyrHgs_150 Is @ Monomeric Species at Physiological
pH and Low Concentrations. To map the hydrodynamic
properties of both species, we used three complementary
hydrodynamic techniques: SEC, DLS, and DOSY NMR
measurements. Furthermore, we tried to measure the self-
association reaction of both proteins by ITC. All the reported
values were obtained at 20 °C.

RDTyrHgs_;50. The DOSY NMR measurements provide the
translational diffusion coefficient (D) at the concentrations used
(Table 1). The values are similar, within error: the smaller error
at the highest concentration was due to the better signal-to-noise
ratio of the spectra, because it is unlikely that at 43 yM the
fragment showed a stronger tendency to aggregate than at 330
UM. The average value from both measurements was (8.2 + 0.5)
X 1077 cm® s™". By taking into account the Rg of dioxane, and its
D under our conditions [(6.8 + 02) X 107% cm? s7!], we
obtained an R for the protein of 16 + 2 A.

The DLS measurements were taken at three concentrations:
277 uM (Figure 2A), 554 uM (Figure 2A of the Supporting
Information) and 800 uM (Figure 2B of the Supporting
Information) (all concentrations in protomer units); the
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Figure 2. Hydrodynamic measurements of RDTyrH species. (A) DLS
of RDTyrH;_s0 at 277 uMat pH 7.0 (---) and pH 4.5 (—). (B) DLS of
RDTyrH at 277 uM (monomer concentration) at pH 7.0 (---) and pH
4.5 (—). (C) Changes in ¢ as the concentration of monomeric RDTyrH
was increased. The fitting values were o,,, = 0.50 + 0.09 (the fitting was
largely independent of this parameter, and thus, it was not properly
determined) and 64 = 0.18 & 0.01. The inset shows changes in elution
volume (milliliters) as the concentration of monomeric RDTyrH was
increased (the error bars are from at least three independent volume
measurements for each protein concentration). Conditions were as
follows: 20 °C, in Tris buffer (pH 7.0), SO mM, with 150 mM NaCl and
2 mM EDTA.
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obtained Rg values were virtually the same at the three
concentrations (26 = 3), and the estimated molecular weight
was 12 kDa, assuming a spherical shape (by using the Stokes—
Einstein equation). However, it must be kept in mind that the
DLS peak was somewhat broad (Figure 2A), and this broadness
increased at 800 yM (Figure 2 of the Supporting Information),
suggesting, probably, the presence of self-associated species at
this high concentration (as observed in the dimeric NMR
solution structure'”). A measurement of this broadness is given
by the polydispersity of the peak: 9.4% at 277 uM, 11% at 554
UM, and 24% at 800 pM.

SEC measurements in the concentration range of 70—540 yuM
yielded elution volumes of 12.14 + 0.06 mL (the average of three
measurements) to 12.07 + 0.04 mL (Table 1 and Figure 3 of the
Supporting Information); therefore, we can conclude that in this
concentration range, the oligomerization state of the protein
does not change. The calculated Rg from these data was 21 + 2
A%?>* It is important to note that if we use the proposed linear
relationship between the molecular weight and o of the protein,31
then the apparent molecular weight should be similar to that of
chymotrypsin (eluting at 12.33 # 0.06 mL) (second arrow from
the right in Figure 3A of the Supporting Information). We did
not use this relationship, instead of that between Ry and o (see
Experimental Procedures), because in our column (Superdex 75
HR10, GE Healthcare) the linear relationship with the molecular
weight and ¢ is worse than that with Rg (regression coefficient of
0.95 vs 0.99).

We also tried to see if the protein dissociated upon dilution
using the heat evolved in the reaction as a probe monitored by
ITC. No significant heat evolved upon dilution of the
concentrated protein solution (ranging from 300 to 700 M)
into the calorimetric cell containing buffer (Figure 4 of the
Supporting Information). These data suggest that either no self-
association was happening or its dissociation constant is well
below the minimal concentration of the diluted protein used in
the calorimetric cell (the oligomeric form of the protein being the
major fraction both in the syringe and in the cell). On the basis of
the experimental (DLS, DOSY, and SEC results) and theoretical
evidence (see the next paragraph), we favor the first explanation.

We can further elaborate on the expected theoretical value of
the R for a protein of the size of RDTyrHg;_; 0. The Rg value for
an ideal unsolvated spherical molecule can be theoretically
calculated by considering that the anhydrous molecular volume,
MV/N, equals the volume of a sphere’"*” of radius R:

R = {/3MV /4Nrx, where M is the molecular mass of the
protein, V is its partial specific volume, and N is Avogadro’s
number. The molecular mass of monomeric RDTyrHgs_59 is
10470.8 Da, and V = 0.72 cm®/ g as calculated from the amino
acid composition.32 Then, the calculated Ry is 14.4 A, but because
the hydration shell is 3.2 A wide,”” the hydration radius would be
around 17.6 A, which is similar to that obtained from DOSY
spectra (16 + 2 A) and smaller than that from DLS. In addition, it
has been shown that the R of a folded spherical protein can be
approximated by the relationship'® Ry = (4.75 + L.11)N°%,
where N is the number of residues of the protein. In a 95-residue
RDTyrHgs_;s, this expression yields a value of 18 + 4 A, also
similar to that determined by DOSY spectra. Finally, it is
interesting to calculate the expected theoretical correlation time,
7., of the molecule, from the experimental measurements of D,
according to the equation®” 7. = 2/4(RID™)?/D* (where D, is
the measured D for the dioxane and Ri*' is its Rg) and to compare
that figure with the one determined experimentally'” for dimeric
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RDTyrHgs 150 (11.90 + 0.02 ns). The calculated 7, from the
experimentally determined D was 9.02 ns, smaller, as could be
expected, than that corresponding to the dimeric protein.
Moreover, for a protein, the theoretically predicted 7 is given by
the equation 7, = (9.18 X 1073/T) exp(2416/T)N°%;*° in a 95-
residue protein, this yields a value 8.5 ns at 20 °C, and for a 190-
residue protein, this number is 15.7 ns at the same temperature.

In summary, the three hydrodynamic techniques and the ITC
data suggest that under our conditions, RDTyrHg;_ 5 remained
basically monomeric, probably with an elongated shape.

RDTyrH. At a concentration of 150 uM, the D was (5.42 +
0.05) X 1077 cm® 57!, which was, as expected (because of the
larger number of residues), smaller than that of RDTyrHgs_;so.
This yields an Rg of 26 + 2 A (Table 1).

The DLS measurements yielded an Rg of 48 + 7 A, which
resulted in an estimated molecular weight of 34.7 kDa for a
spherical molecule, twice the molecular weight of RDTyrH
(17043.74 Da) (Figure 2B). The peak was also broader (larger
polydispersity) than that observed for the shorter species (Figure
2A). These results suggest that the dominant species of RDTyrH
is dimeric, and they support the use of the monomer—dimer
equilibrium in the gel filtration calculations (see below).

The SEC experiments showed a sigmoidal-like variation in
elution volume from 9.76 mL (at 58 uM) to 9.66 mL (to 800
uM) (Figure 2C, inset); we could not explore lower
concentrations because of the poor absorbance of the protein
(because it contains only a single Tyr). The fairly constant
elution volume at the higher concentrations yields an Rg of 34 +
2 A (Figure 3B of the Supporting Information), further
supporting the idea that the protein under these conditions is
not a monomer. Interestingly enough, some of the chromato-
grams also showed the presence of a minor peak at the void
volume (7.54 + 0.06 mL), suggesting the presence of aggregated
species (Figure 3B of the Supporting Information). These results
are in disagreement with what we observed in RDTyrHgs_ s,
where no species were present at the void volume of the column
(Figure 3A of the Supporting Information).

We attempted to fit the sigmoidal-like behavior of the elution
volume of RDTyrH (Figure 2C, inset) to the Ackers’

equations'”*"** assuming a monomer—dimer equilibrium:
-1+ /1 + 8(1/Kp)C,
=g,
G,
-1+ 1+ 8(1/Kp)C,
+oy1—
4(1/Kp)C,

(6)

where o, and o, are the weight-average partition coeflicients of
the monomer and dimer, respectively, C, is the concentration of
RDTyrH (in monomer units), and K is the dissociation
constant for the equilibrium RDTyrH, < RDTyrH + RDTyrH.
From eq 6, we obtained a Kj, value of 1.6 uM; the o4 was 0.18,
and the o, was 0.61, the latter with a large uncertainty. It is
important to keep in mind the uncertainties in o, and Kp,
because they were obtained from a long extrapolation (Figure
2C, inset). Thus, we shall assume that the Ky, is a low limit of the
dissociation constant, but it is important to note that the small
value of Kp, supports previous analytical ultracentrifugation data
where at RDTyrH concentrations of S M, a dimeric population
was observed.

For this species, we also tried to see if the protein dissociated
upon dilution, using the heat evolved in the reaction monitored
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by ITC as a probe. For experiments performed at both 390 and
570 uM, the heat released upon dilution of the protein into the
calorimetric cell was very small and consistent with a dissociation
reaction only for the first injections when the concentration in
the calorimetric cell was in the low micromolar range (Figure 4 of
the Supporting Information). The amount of heat released for
the first two injections (while the concentration in the cell
remained below 10 uM) may reflect the dissociation of the
dimeric species that rapidly tends to the normal dilution level as
the total concentration in the cell exceeds the level.
Unfortunately, because of the sensitivity limitations of the
technique, we were unable to perform ITC experiments using a
more diluted protein solution in the syringe. These results may
be consistent with the dilution of a dimeric species with a
dissociation constant in the low micromolar range (1—2 yM).
Under these conditions, the dimerization equilibrium is
effectively displaced only when the final protein concentration
(in the cell) is very low (<10 M) and the population of the
dimer remains virtually unaffected when its initial concentration
in the syringe (390—540 M) changes to reach concentrations
well above the value of its dissociation constant, Ky,

Both RD Species Acquired a Native-like Structure in a
Narrow pH Range. If we want to measure the conformational
stability of RDTyrH and the importance of the disordered tail, we
must first determine in which pH range the proteins acquired a
native-like structure. To that end, we used several spectroscopic
and biophysical probes, namely, intrinsic fluorescence, ANS
fluorescence, CD, NMR, DLS, and SEC. The whole set of
techniques gives complementary information about different
structural features of the polypeptide chain. We used intrinsic
fluorescence to monitor changes in the tertiary structure of the
protein, around its single tyrosine residue (Figure 1). We used
ANS fluorescence to monitor the burial of solvent-exposed
hydrophobic patches (and to detect the presence of possible
partially folded species®®). We conducted far-UV CD experi-
ments to monitor the changes in secondary structure. We used
NMR to elucidate whether there was evidence of residual
structure at selected pHs and to measure their corresponding Rg
values. We used DLS at pH 4.5 to determine the size of the
species present (and, thus, to support the NMR results). Finally,
we used SEC to determine the compactness.

Fluorescence. Steady-State Fluorescence and Thermal
Denaturations. The fluorescence spectra of both species showed
amaximum at 308 nm, due to the single Tyr131. The spectrum of
RDTyrH has been reported previously,"" and it is identical to
that of the truncated version. (1) [Figure 3A (@)] and the
fluorescence intensity at 308 nm (data not shown) of
RDTyrHgs_150 showed two transitions. The first occurred with
apK, of 5.8 + 0.3, and the second at basic pHs, probably because
of the titration of the phenolic group of tyrosine; in this
transition, no basic baseline was observed. On the other hand,
RDTyrH also showed the same two titrations with a pK, of 5.9 +
0.2 for the first one similar to that of the shorter species [Figure
3A (O)]-

Thermal denaturations at several pHs (4.5, 7.0, and 8.6) were
conducted by following the changes in the intrinsic fluorescence
of RDTyrHgs_150. At pH >7.0, we observed an irreversible
sigmoidal behavior. Thermal denaturations followed by the
fluorescence of RDTyrH at the same pHs also showed an
irreversible sigmoidal behavior at pH >6.8.

ANS Binding. At low pH, the ANS fluorescence intensity at
480 nm was larger for both RD species and decreased as the pH
was increased (Figure 3B), suggesting that at low pHs both
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Figure 3. pH-induced structural changes in the RD species followed by
spectroscopic and hydrodynamic techniques. (A) Changes in RD
species [RDTyrH (O) and RDTyrHg;_,5, (®)] in aqueous solution
monitored by the changes in (1) of the intrinsic fluorescence. (B)
Changes in the intensity of ANS binding followed at 480 nm for both
proteins (the same symbols that were used in panel A). The protein
concentration was 15 uM (monomeric protein); ANS concentration
was 100 M, and the buffer concentration was 10 mM in all cases. (C)
Changes in molar ellipticity at 222 nm, from far-UV spectra of both
proteins (the same symbols that were used in panels A and B). The inset
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Figure 3. continued

shows far-UV CD spectra of RDTyrHg;s_;5o at pH 4.5 (—) and pH 7.0
(---). Spectra were acquired in either 1 cm (fluorescence) or 0.1 cm
(CD) path length cells. (D) Changes in elution volume (milliliters) as
the pH was varied. At pH <6.0, the protein eluted at volumes larger than
the bed volume (18.98 mL) of the column, and these data are not
represented. Symbols for both proteins are as in panels A—C.

proteins had solvent-exposed hydrophobic regions. The intensity
at 480 nm showed a sigmoidal-like behavior, but we could not
determine its pK, because of the absence of an acidic baseline. On
the other hand, the (1) of the fluorescence spectra of both
proteins showed a pK, of 5.4 + 0.3 (data not shown), which is
similar, within the error, to that determined by intrinsic
fluorescence (Figure 3A).

Examination of Tyrosine Exposure by Fluorescence
Quenching. To further examine the tertiary structure around
Tyr131 and its solvent exposure, we studied iodide and
acrylamide quenching in the presence and absence of
denaturants (Table 2). In general, the K,, parameters were
identical for both proteins, suggesting that the environment
around the sole Tyr131 was not modified by the presence of the
N-terminal region. The values were also similar at any of the
explored pHs, suggesting that the solvent accessibility of Tyr131
was similar. Furthermore, the K, values at physiological and low
pHs were larger in acrylamide than in KI, as observed in other
proteins.””** The K,, increased in the presence of urea at
physiological pH when compared to that under physiological
conditions in the absence of denaturant (Table 2). Taken
together, these results indicate that T'yr131 was solvent-exposed
(as suggested from the structure'”) but not fully accessible at
physiological pH.

Circular Dichroism. We took measurements only in the far-
UV region, because the near-UV CD spectra of both species was
lacking as previously reported,'' because of the small amount of
aromatic residues and the absence of an asymmetric environment
for most of them.

The CD spectrum of RDTyrH at pH 7.0 has been described
previously,'" with minima at 208 and 222 nm, suggesting the
presence of a-helical conformations. The CD spectrum of
RDTyrHg,_5o (Figure 3C, inset) shows the same general shape
at any pH as that of RD spectra, but with a slightly more intense
minimum at 217 nm, suggesting the presence of a higher
percentage of f-sheet (because of the removal of the N-terminal
region). The shape of the spectra for both proteins did not
change substantially as the pH was varied, but the spectra were
more intense (in absolute value) at acidic pHs in both proteins.
These results suggest that the proteins had more structure at
those lower pHs (Figure 3C, inset), when there are some solvent-

exposed hydrophobic patches, as shown by ANS experiments
(Figure 3B). The change in ellipticity with pH followed a
sigmoidal change with a pK, of 4.75 + 0.09 for RDTyrHg;_;s9
and 4.5 + 0.2 for RDTyrH (Figure 3C); these values are smaller
than those measured by fluorescence.

We also performed thermal denaturations at the same pHs
used in fluorescence (4.5, 7.0, and 8.6) with RDTyrH,_,s,. At
pH >7.0, we observed sigmoidal behavior but the transitions
were irreversible at any of the concentrations explored [from 15
to SO uM protein (in protomer units)]. We also took DSC
measurements of RDTyrHg;_ 5o at pH 7.5, and the denaturations
were always strongly irreversible (data not shown), causing
massive precipitation.

Thermal denaturations followed by CD in RDTyrH at the
same pHs as the other species were also irreversible. We also took
DSC measurements at pH 7.5, and the denaturations were always
strongly irreversible (data not shown), causing massive
precipitation. Because the thermal denaturations were always
irreversible, we cannot further elaborate on the thermal stability
of both proteins.

SEC Experiments. For both RDs, at pH <6.0, the protein did
elute from the column at volumes larger than the bed volume
(1898 mL) (Figure 3D). These results suggest that both
proteins, even though NaCl was present, were bound to the
column at those pHs. We know from the experiments with ANS
that at low pHs the proteins were partially folded (see above),
with solvent-exposed hydrophobic patches. We hypothesize that
those partially unfolded, solvent-exposed, and highly hydro-
phobic regions can interact with the column, resulting in larger
elution volumes from the column (Figure 3B). At pH 6.0—7.0,
the elution volume decreased until a constant volume (9.68 mL
for RDTyrH and 12.26 mL for RDTyrHg,_;50) was reached.
Therefore, the protein did not get a native-like compactness until
physiological pH had been reached.

NMR Experiments. As expected from its well-folded
structure,'” the 1D '"H NMR spectra of both RD species at pH
7.0 had a large dispersion of signals in the aromatic and methyl
regions (Figure 4 and Figure 5 of the Supporting Information).
On the other hand, the 1D '"H NMR spectra of RDTyrHgs_ 5o
and RDTyrH at pH 4.5 did not show chemical shift dispersion in
the amide and the aromatic regions or in the methyl regions
(Figure 4A). We chose this pH because it is well inside the region
in which the proteins had not acquired a native-like
conformation, as concluded from the fluorescence and CD
experiments (Figure 3). All the resonances were clustered
together as expected for random-coil proteins,”” namely,
between 7.8 and 8.5 ppm (for the amide signals), between 6.8
and 7.5 ppm (for the aromatic signals) (Figure 4), and between
0.8 and 1.1 ppm (for the methyl protons) (Figure S of the
Supporting Information). These results indicate that there was

Table 2. Quenching Parameters of Both RD Species in KI and Acrylamide®

RDTyrHgs_ys59 RDTyrH
conditions K, M™) (K1) K., (M™") (acrylamide)® K, (M™) (KI) K., (M™") (acrylamide)®
pH 4.0 042 + 0.04 42 + 0.6 (1.89 % 0.09) 0.38 + 0.04 40 + 0.3 (191 = 0.09)
pH 7.0 026 + 0.04 3.6 + 0.4 (191 + 0.09) 0.31 + 0.04 3.9 % 0.4 (191 + 0.09)
6 M urea 143 + 0.01 3.6+ 0.1 (0)° 14+01 3.6+ 0.1 (0)°

“Errors are from fitting to eq 2. The K, values were obtained by fitting of fluorescence intensity at 315 nm vs the quenching agent concentration.
Experiments were conducted at 25 °C. ®The value within the parentheses is the v, the dynamic quenching constant. “Acrylamide quenching in 6 M
urea resulted in a straight line with a K, of 3.6 + 0.1 M~ in both proteins. The quenching experiments in the presence of urea were conducted at pH

7.0 in 10 mM Tris buffer.
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Figure 4. 1D "H NMR spectra of the RD species. (Top) Amide regions of RDTyrHys_j50at (A) pH 4.5 and (B) pH 7.0 (B). (Bottom) Amide regions of
RDTyrH at (A) pH 4.5 and (B) pH 7.0. Experiments were conducted at 20 °C with protein concentrations for both species of 150 uM (in protomer

units).

no stable tertiary structure in any of the RD species at the low pH,
but we cannot rule out the presence of nonstable, local secondary
structure, as suggested by the higher intensity (in absolute value)
at 222 nm in CD experiments (Figure 3C, inset).

We also performed DOSY measurements at pH 4.5 for both
species. For RDTyrH, the D was (4.38 + 0.07) X 107" cm® s,
which was smaller than that measured at physiological pH [ (5.42
+ 0.05) X 1077 cm?® s7']. On the other hand, the D of
RDTyrHgs_;so was (7.4 + 0.3) X 1077 cm” s, which was slightly
smaller than that measured at pH 7.0 [(8.2 + 0.5) X 1077 cm®
s~']. These results suggest that both proteins were larger at acidic
pH than at physiological pH: this larger size could be due to the
presence of oligomeric species or, alternatively, to elongated

(partially folded) populations.

3426

DLS Experiments. At pH 4.5, the RDTyrHg;_ ;5o had an Rg of
37 + 8 A, larger than the value measured at pH 7.0 (26 + 2 A),
and the peak had a larger polydispersity [Figure 2A (—)]; this
result yields an estimated molecular weight of 21.8 kDa for a
spherical species. We observed a similar behavior at the two other
protein concentrations of RDTyrHg_;s, assayed (554 and 800
M) (Table 1 and Figure 2 of the Supporting Information).
Therefore, the protein could be aggregated (forming a dimer), or
alternatively, the protein could have an elongated shape. The
expected theoretical Ry for a 95-residue unfolded protein'® [Rg =
(2.21 + 1.07)N*S7*992] 5 29 + 2 A, within the error of the value
determined by DLS; however, the R for a well-folded [Rg = (4.75
+ 1.11)N°%] tetrameric protein of that polypeptide length was
27 + 2 A, also similar to that value. Because the 1D '"H NMR
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Table 3. Thermodynamic Parameters of the RDTyrH Species Unfolding Reaction Obtained by Chemical Denaturation

Experiments”
RDTyrHgs_5 RDTyrH*
biophysical concentration AG° m [denaturant];,,  concentration AG° m [denaturant], ,,
probe (uM) (kcal mol™)  (kcal mol™ M™") M (uM) (kcal mol™)  (kcal mol™* M%) M
fluorescence” 10 47 +£09 1.8 +03 2.60 + 0.09 10 B+ 2.6 £ 04 2.53 + 0.06
20 59+04 21+0.2 2.71 £ 0.03 20 13 + v 2.5+ 04 2.64 + 0.07
20 (GdmC)* 48+ 0.6 43404 113 + 0.02 30 11+v 21403 2.53 + 0.08
47 B+ 27402 2.84 +0.03
cp? 20 39+08 1.5+03 2.6 +0.1 20 8§+2 27 +09 29+0.1
30 34+09 1.3+ 04 2.6 +0.1 30 7+2 25+08 2.8 +0.1
49 34+09 1.3 +02 2.7+ 0.1 5SS 4+2 1.3+09 29+ 04

“AG?° is the free energy of unfolding extrapolated to the absence of denaturant; m is the slope of the variation in the free energy of unfolding with
denaturant concentration (urea or GAmCl). Errors in the m and [denaturant], /, values are fitting errors. The uncertainty in AG® was obtained from
error propagation, assuming that the errors in the m and [denaturant], , values are independent. Repetitions of the chemical denaturations yielded
differences of 0.2 kcal mol™" M~ in the m values and 0.06 M in the [denaturant], ,, values. All experiments were performed at 25 °C and pH 7.0 in
10 mM Tris buffer. All the fluorescence curves were obtained from the fluorescence intensity at 308 nm. “These measurements were taken in the
presence of GdmClL “The values were obtained by following the changes in the ellipticity at 222 nm. “The fluorescence curves were fitted to the
equation corresponding to a bimolecular process (eq 6). The CD curves were fitted to the equation of a unimolecular transition, because no
concentration dependence was observed (eq 4)./The free energy units are at a 1 M standard state.

spectra suggest that the protein was unfolded (Figure 4, left side),
we favor that at low pH, the RDTyrHg;s_59 was unfolded but we
cannot rule out the presence of oligomeric species.

RDTyrH at pH 4.5 had an Rg of 77 + 12 A, with an estimated
molecular weight of 80.9 kDa, suggesting that at low pH the
protein strongly aggregated; the presence of this aggregated form
could explain the smaller value of D obtained in the DOSY
experiments [(4.38 + 0.07) X 1077 cm” s™*]. For an unfolded,
monomeric 158-residue protein, the obtained Ry is 40 + 18 A,
further suggesting that RDTyrH at this pH was not monomeric.

In summary, we can conclude that both RD species acquired a
native-like tertiary structure and compactness near pH 7.0;
however, secondary structure was acquired at acidic pHs. This
earlier acquisition of secondary structure was not associated with
the presence of the first 64 residues. However, we do not know
whether the secondary structure is native-like.

The RDTyrH¢s_150 Species Had a Smaller Conforma-
tional Stability. Because thermal denaturations were irrever-
sible, we conducted urea denaturations to measure the
conformational stability of both proteins by intrinsic fluores-
cence, CD, and SEC. In both proteins, urea denaturations were
reversible (Figure 1 of the Supporting Information). We used
urea as a denaturant because the fluorescence experiments with
RDTyrHgs_;5o in the presence of GAmCl yielded a short native
baseline, thus causing a large slope (m value) in the denaturation
curves of RDTyrHg_;5o (Table 3).

RDTyrHgs_;50. Fluorescence and CD experiments at different
protein concentrations had the same [urea],/, showing the
absence of the concentration dependence of this parameter;
furthermore, [urea], ,, was the same via both techniques (Figure
6 of the Supporting Information). However, the m value (the
slope of the transition) was slightly smaller in the CD
experiments (and, thus, the transition was more cooperative)
than in the fluorescence experiments (Table 3 and Figure SA).
The denaturation curves were fitted to the two-state model for a
unimolecular transition. Urea denaturations followed by ANS
fluorescence did not show any sigmoidal behavior (data not
shown). In addition, the SEC experiments resulted in a slope-
decreasing line as the urea concentration increased [Figure SB
(O)], butat 2.5 M urea, the peak eluted at elution volumes larger
than the bed volume of the column, probably because of the
interactions with the column. At urea concentrations larger than
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[urea],/, (as determined by fluorescence and CD, ~2.5—2.8 M),
the protein again started eluting at elution volumes smaller than
the bed volume, although they were smaller than the volume at 0
M urea, due to the fact that the protein has a more expanded
Stokes radius (as it is unfolded). These results suggest that
RDTyrHgs_50 did not unfold through a two-state mechanism,
despite its small size. We tried to fit the experimental data to a
global (for all experiments in the two techniques) three-state
process,”” but we did not obtain a large improvement in the y* of
the fitting, when compared to that of the simplest two-state
model.

RDTyrH. Fluorescence experiments showed a clear concen-
tration dependence, and then as we did observe only a single
sigmoidal transition (Figure 6A of the Supporting Information)
(Table 2), we fitted the denaturation curves to a two-state
bimolecular process (that is, dimer dissociation and unfolding of
the resulting monomers occur concomitantly, in an all-or-none
process) [eq 5 (see Experimental Procedures)].”*™*° On the
other hand, the CD denaturation curves were concentration-
independent (Figure 6B of the Supporting Information) (Table
2), showing similar m and [urea] /, values. The exception was the
denaturation curve obtained at the highest concentration (55 uM
in protomer units), which had an m value slightly smaller than
those at the lower protein concentrations (although they are
similar within error); we think that the reason behind that smaller
m value was the absence of enough data points at the unfolding
baseline. Moreover, it can be observed that the CD denaturation
curves at the higher concentrations (30 and 55 #M in protomer
units) had a larger slope in the native baselines (Figure 6B of the
Supporting Information), which could also affect the determi-
nation of the m value. As can be observed, either in fluorescence
or in CD, the m values obtained for RDTyrH are larger than
those measured for RDTyrHg;_;5o (Table 3), suggesting that the
denaturation curves of the larger species involved more than an
unfolding step (see Discussion).

The free energies from fluorescence (and thus comprising
dimer dissociation and monomer unfolding) of RDTyrH are in
the range of 12 kcal mol ™}, similar to those measured in the
dissociation and monomer unfolding of other dimeric proteins
(Table 3 of ref 29). Conversely, the unimolecular process being
monitored by CD has a free energy larger than that of the
monomer RDTyrHg;_; ., species (Table 3). Attempts to measure
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Figure 5. Chemical denaturation of RDTyrHgs_ ;0. (A) (4) from the
intrinsic fluorescence of RDTyrHgs_so at 10 M protein (in protomer
units). The inset shows the CD denaturation curve of RDTyrHg;_;0 at
20 yuM protein (in protomer units). (B) Gel filtration data for
RDTyrHgs_150 (O) and RDTyrH (@®). Protein concentrations in the gel
filtration experiments were 150 M (in protomer units), at all urea
concentrations for both proteins. Experiments were conducted at 20 °C.

the compactness of the protein through gel filtration also failed
since there was a decreasing line in the elution volumes as the
urea concentration increased [Figure SB (@)], because of the
increase in the Stokes radius as the protein is unfolded [which
happened in the RDTyrHg;_;5, species (see above)]. The SEC
results suggest that the dissociation-and-unfolding reaction of
RDTyrH was not a two-state process.

B DISCUSSION

pH Denaturation of RD Species. Only at pH ~7.0 did the
RD species acquire its native-like conformation, and it did so in
two steps. First, it acquired secondary structure, and later, it
acquired a native-like tertiary structure and compactness (as it
buried all the solvent-exposed hydrophobic residues) (Figures 3
and 4). Thus, there are some pHs at which the protein has
acquired secondary structure, but it has not attained a tertiary
one; that is, it seems that both RD species populate at low pH a
molten-globule-like species.”® These results suggest that (i)
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compactness had a direct relationship with burial of solvent-
exposed hydrophobic patches in RD species and (ii) the late
acquisition of native-like compactness was not related to the
presence of the disordered N-terminal residues, because both
species showed a similar behavior. At low pH, where there is
evidence of secondary structure, the RDTyrH seems to populate
oligomeric molten-%lobule—like species, with noncooperative
thermal transitions,””*” but we cannot unambiguously conclude
that RDTyrHgs_ 5o populated also self-associated species
(although the species populated by RDTyrHgs ;5o showed
molten-globule-like features, as well). These species (either
oligomeric or not) in both RD proteins appear to be disordered
from NMR results (Figure 4 and Figure S of the Supporting
Information), but the CD experiments (Figure 3B) suggest
unambiguously the presence of more helicity (higher ellipticity)
than in the native state. These differences between both
techniques (showing the CD spectra more ordered helix-like
structure than the NMR ones) have been reported in highly
flexible proteins.‘m’41 At this stage, however, we do not know
whether that secondary structure is native-like.

Because we know the structure of the dimeric RD species,12 we
can try to figure out which are (or is) the residues responsible for
the acquisition of] first, secondary structure and, later, native-like
tertiary structure and compactness by using Propka®” (http://
nber-222.ucsd.edu/pdb2pqr_2.0.0). However, it is important to
keep in mind the predictive character of such calculations. From
the predictions, the acquisition of secondary structure (occurring
at a pK, of 4.5 + 0.2) is mainly associated with several acidic
residues, namely, Aspl41l, Aspl55, Glu70, Glu7S, Glu76,
Glull15, Glul30, and Glul36. On the other hand, the only
predicted residue in the dimeric species with a pK, (5.7) close to
that obtained from fluorescence (intrinsic and ANS) measure-
ments is His112 (close to the dimerization interface'?).
Conversely, in the monomer of RD species, the sole residue
whose pK, was close to the measured value (5.7) was Glul0S. If
RDTyrHgs_; 50 populated an oligomeric species at low pHs with a
native-like quaternary arrangement, we could speculate that the
residue implicated in the acquisition of secondary native-like
structure was His112 (which is probably involved in such
acquisition in RDTyrH, because it formed oligomeric species at
low pH). However, because we do not have any unambiguous
evidence of oligomeric species in the RDTyrHgs_; 5o at low pH,
we suggest that Glul05 might be involved in the acquisition of
the secondary structure.

Stability of the Monomeric Species of RDTyrH. The
conformational free energy of monomeric RD species (evaluated
as the average free energy change upon unfolding, AG, at 25 °C
and pH 7.0) amounts to ~4.7 kcal mol™, which is below those
determined for most proteins (by 5—13 kcal mol™!).*?%*=%
Because we know the structure of the dimeric species of
RDTyrHgs_159, we can calculate the theoretically predicted value
of the m slope from the chemical denaturation curves,* assuming
that there was not any structural rearrangement upon
dimerization (see below) and calculating the ASA of the
monomer with VADAR."” We obtained values of 1.5 + 0.3
kcal mol™ M™! (for the urea denaturations) and 3.0 + 0.2 kcal
mol™" M™! (for the GdmCl denaturations). Both theoretical
values are smaller than those experimentally obtained (Table 1),
suggesting that there are variations in the amount of ASA
exposed upon unfolding with those predicted. However, it is
important to indicate that such a value is within the range of those
observed for monomeric species.””*® The experimental m values
of the unimolecular denaturation far-UV CD curves of RDTyrH
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were larger than those of the shorter species (Table 3). This
higher value is within the range observed for some dimeric
proteins®”*® and, we think, is responsible for the greater
conformational stability (7 kcal mol™ vs 5 kcal mol™") (Table
3). Furthermore, this larger value of the free energy must be due
to the presence of the 65 disordered N-terminal residues. If, we
assume that (i) we can calculate the additional stabilization of the
dimer by the ASA buried (770 A? per monomer'*) and (ii) we
can apply the same equations to this surface”” (interface), we find
the m value for the dissociation (“unfolding” of the dimer) of this
interface would be 2 X 0.4587 = 0.9174 kcal mol™! M. Then,
this number should be added to the value of 1.5 kcal mol™ M™*
previously obtained for the monomeric species of RDTyrH;_ <o,
which yields a value of 2.4 kcal mol ™" M™'; this value is similar to
the m value measured for dimeric RDTyrH (Table 3), even
under the rough assumptions used. We suggest that although the
far-UV CD was spectroscopically silent to dimer dissociation, it
might report, through the variations in the m value, about such a
bimolecular process.

The fact that CD does not report on dissociation is difficult to
explain. The simplest explanation is to assume that upon
dissociation both isolated monomers of RD species have the
same structure as that when forming part of the dimer; that is,
dissociation (or, alternatively, association to form the dimer)
does not induce any large conformational rearrangement in any
of the monomers, and therefore, association would be a perfect
lock-and-key process. We observed in the CD denaturation
curves at the higher explored concentrations of RDTyrH a large
slope in the native baseline (Figure 6B of the Supporting
Information). It could be argued that this slope is reporting on
dissociation of the dimer (and that is why the longest slopes are
observed only at the highest concentrations of protein, where the
dimer is more populated); however, the findings that (i) the m
values for the transitions at the highest concentrations are similar
to that at the lower concentrations (Table 3) and (ii) these m
values are consistent with a dimer dissociation and unfoldingw
suggest that the native baseline slope is associated with changes
in the structure of the dimer, which do not involve dissociation.

Keeping in mind the limitations in calculation of the
dissociation constant of RDTyrH (Figure 2C), we find the free
energy of dissociation, obtained from the value of K, [which
accounts for —RT In(Kp) = 7.8 kcal mol™ (at a 1 M standard
concentration)] plus the conformational free energy of the
monomer [4.7 kcal mol™" (Table 3)] is 12.5 kcal mol™ (at 1 M
standard state). This value is similar to that measured for the
dissociation and unfolding of the dimeric species measured by
fluorescence (Table 3), and then, we conclude that the tertiary
interactions that may be established within each monomer only
upon dimerization are very weak. That is, the structure of each
isolated monomer of RD species is similar to that in the formed
dimer, as hypothesized above, based on the absence of changes in
CD upon dimer dissociation.

Self-Association of RD of TyrH. The solution structure of
dimeric RDTyrHg;_, 5o has been determined recently by NMR."
In this work, we have shown that at the concentrations used (10—
500 uM) the protein remained monomeric, as suggested by the
several spectroscopic and biophysical techniques employed. Two
factors can explain this apparent discrepancy. First, the triple-
resonance experiments with double and triple labeled samples
were conducted at concentrations of 800 yM; in most of the
probes used in this work, we have explored until S00 M (SEC
experiments), but in the DLS experiments conducted at 800 uM,
there was a slightly larger polydispersity of the peak, although the
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protein remained, at a large population, monomeric (Figure 2 of
the Supporting Information). Second, to avoid possible
degradation of samples during the long acquisition times of the
NMR experiments, the highly concentrated protein samples
contained 1 yM leupeptin and 1 uM pepstain; it has been
suggested that addition of some compounds to concentrated
protein solutions could stabilize the most oligomerized state of
the protein.*®

On the other hand, the same biophysical and spectroscopic
techniques used in this work suggest that RDTyrH in the same
range of concentrations is a dimer. We have explored
theoretically the aggregation tendencies of both protein
fragments by using Zygreggator,‘w_51 and we have observed
that the intrinsic aggregation propensity of RDTyrH is 1.5-fold
larger than that of RDTyrHg;_,so. Furthermore, we have been
able to obtain the Kp, of dimeric RDTyrH (1.6 #M) by zonal gel
filtration chromatography. This value is smaller than that of
RDPheH, which accounts for 46 + 35 #M.>” The RD domains of
PheH and TyrH have similar structures, but they are not very
similar in sequence; furthermore, the structure of the RD and
catalytic regions of PheH does not show the presence of contacts
between individual domains,"* but RDTyrH was dimeric at the
NMR concentrations.'> Moreover, in RDPheH, the presence of
the substrate (Phe) stabilizes the dimer,”>"” but the presence of
Tyr is not necessary to stabilize the dimer of RDTyrH. At this
stage, we do not know, however, how the presence of the
additional residues can modulate dimer formation, except for a
stronger tendency of such an additional tail to aggregate. We do
not know exactly the full implications of dimer formation in the
functions of the RD, but we hypothesize that its unstable
monomer could facilitate rapid switching off of signaling. We
suggest that it is the higher affinity of dimeric RDTyrH that
modulates the recognition of the substrate, thus modifying the
mechanism of regulation of both proteins.”>* Further research
must be conducted to determine how the dimerization of PheH
affects its stability and whether the stability of its monomeric
species is as low as that of RDTyrH.
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ANS, 8-anilinonaphthalene-1-sulfonic acid; ASA, accessible
surface area; CD, circular dichroism; DOSY, diffusion ordered
spectroscopy; DLS, dynamic light scattering; DSC, differential
scanning calorimetry; D, translational self-diffusion coefficient;
GdmCl, guanidine hydrochloride; ITC, isothermal titration
calorimetry; NMR, nuclear magnetic resonance; PheH, phenyl-
alanine hydroxylase; RD, regulatory domain; RDPheH, regu-
latory domain of phenylalanine hydroxylase; RDTyrH, regu-
latory domain of tyrosine hydroxylase, containing residues 1—
159 of the whole RD; RDTyrH;s_ 5o, region of the RD of TyrH
containing the well-folded core of the protein; Rg, hydrodynamic
radius; SEC, size exclusion chromatography; TSP, 3-
(trimethylsilyl)propionic acid-2,2,3,3-*H,-sodium salt; TyrH,
tyrosine hydroxylase; UV, ultraviolet.
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