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The CBS Domain Protein MJ0729 of Methanocaldococcus jannaschii Is a
Thermostable Protein with a pH-Dependent Self-Oligomerization”
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ABSTRACT: CBS domains are small protein motifs, usually associated in tandems, that are involved in
binding to adenosyl groups. In humans, several genetic diseases have been associated with mutations in
CBS domains, and then, they can be considered as promising targets for the rational design of new drugs.
However, there are no structural studies describing their oligomerization states, conformational preferences,
and stability. In this work, the oligomerization state, the stability, and conformational properties of the
CBS domain protein MJ0729 from Methanocaldococcus jannaschii were explored by using a combination
of hydrodynamic (namely, ultracentrifugation, DLS, DOSY-NMR, and gel filtration) and spectroscopic
techniques (fluorescence, circular dichroism, NMR, and FTIR). The results indicate that the protein had
a pH-dependent oligomerization equilibrium: at pH 7, the dominant species is a dimer, where each monomer
is a two-CBS domain protein, and at pH 4.5—4.8, the dominant species is a tetramer, with an oblong
shape, as shown by X-ray. Deconvolution of the FTIR spectra indicates that the monomer at physiological
pH has 26% o.-helical structure and 17% f3-sheet, with most of the structure disordered. These results are
similar to the percentages of secondary structure of the monomer in the resolved tetrameric X-ray structure
(21% of o-helical structure and 7% of fB-sheet). At pH 2.5, there was a decrease in the level of secondary
structure of the monomer, and formation of intermolecular hydrogen bonds, as shown by FTIR, suggesting
the presence of high-molecular weight species. The physiological dimeric species is thermal and chemically
very stable with a thermal midpoint of ~99 °C, as shown by both DSC and FTIR; the GdmCI chemical

midpoint of the dimeric species occurs in a single step and was greater than 4 M.

The cystathionine B-synthase (CBS)' domain proteins
comprise a large superfamily of evolutionarily conserved
proteins that are present in all kingdoms of life (/, 2). CBS
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domains are 60-residue long motifs (IPR0O00644, InterPro
database) that usually occur as tandem pairs (two or four
copies) either in stand-alone proteins or fused to different
protein domains. They were first described in inosine
monophosphate dehydrogenase (2). Although their function
is unknown, their importance is underlined by the fact that
mutations within CBS domains cause several hereditary
diseases in humans, such as homocystinuria, autosomic
retinitis pigmentosa, myotonia congenital, idyopatic epilepsy,
or hypercalciuric nephrolytiasis, among others. Thus, they
can be considered as promising targets for the development
of novel drugs (3).

Comparison among CBS domains of isofunctional proteins
from different species shows a highly conserved fold despite
the low degree of sequence similarity (2, 4). In all these

! Abbreviations: AU, analytical ultracentrifugation; 3-ME, -mer-
captoethanol; CBS, cystathionine f-synthase; CD, circular dichroism;
DLS, dynamic light scattering; DOSY, diffusion-ordered spectroscopy;
FTIR, Fourier transform infrared spectroscopy; GdmCl, guanidinium
hydrochloride; IR, infrared spectroscopy; NMR, nuclear magnetic
resonance spectroscopy; 7T, thermal denaturation midpoint; UV,
ultraviolet.
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structures, two CBS domains associate to form a compact
fold known as a Bateman domain (5). The cleft between both
domains is the binding site for adenosyl groups; both head-
to-head and head-to-tail associations of the Bateman domains
have been observed for proteins from prokaryotic and
eukariotic organisms, though the forces directing their final
assembly are not known (6). Recently, the crystal structures
of the complexes of several CBS domain-containing proteins
with nucleotides, such as CLC5-ADP/ATP (7) and AMPK-
ATP/AMP/ADP/ZMP (8—12), have been reported. These
studies have provided crucial information that aids in
understanding the architecture in binding to nucleotides.

CBS domains are unusually abundant in archaea, although
scarce information about their function has been reported.
Therefore, organisms such as the hyperthermophile Metha-
nocaldococcus jannaschii (13) offer excellent models for the
characterization of the adenosyl binding site of CBS domains.
The genome of M. jannaschii encodes 15 CBS domain
proteins (www.tigr.org), which differ significantly in their
composition and presumably in their abilities to bind to
different ligands (Figure 1A). A close examination of their
amino acid sequences reveals the presence of two different
groups: (i) one with very short sequences (from 124 to 186
residues) and not fused to other domains (as in the MJ0729
protein) (Figure 1B) and (ii) another with longer amino acid
sequences which are fused to other protein motifs (from 214
to 509 residues) (Figure 1B). Only two of these latter proteins
(so-called MJ1004 and MJ1225) contain four CBS domains
in tandem, as in the y-subunit of 5’-AMP-activated protein
kinase (AMPK) and its homologues (8). The open reading
frame of gene m;j0729 (UniProtKB/Swiss-Prot entry Q58139)
encodes a polypeptide chain of 124 amino acids with a
molecular mass of 14.303 kDa. Its sequence is formed by a
CBS domain pair (CBS1, residues 13—60; CBS2, residues
73—122) (http://smart.embl-heidelberg.de/). Although MJ0729
is currently annotated as an uncharacterized hypothetical
protein, it appears close to the genes encoding an iron—sulfur
flavoprotein (MJ0731), very similar to a homologue found
in Archaeoglobus fulgidus (14). In fact, on the basis of gene
arrangements with the genome of A. fulgidus, it has been
suggested that MJ0729 might be involved in the regulation
of electron transport systems.

On the other hand, since MJ0729 is a homoligomer, as
shown by the X-ray structure at pH 4.5—4.8 (/5) (Figure
1C), analysis of its oligomerization and stability can provide
insights into the molecular basis of protein assembly,
regulation, and evolution. In this work, we describe the pH-
dependent oligomerization and conformational properties of
MIJO0729 by using an array of hydrodynamic and spectro-
scopic techniques. We observe that MJ0729 had a pH-
dependent oligomerization equilibrium, involving tetramers,
trimers, dimers, and probably monomers at basic pH; the
dominant species at physiological pH is the dimeric one. This
species is highly stable, as shown by thermal denaturations
followed by DSC, CD, and fluorescence. The GdmCl
chemical denaturations at physiological pHs are reversible
and exhibited two-state behavior. Then, the mechanism by
which alternative quaternary structure arises does not involve
the formation of fluctuating monomeric species, but rather
docking on a preformed oligomeric species.
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EXPERIMENTAL PROCEDURES

Materials. Ultrapure GAmCl was from ICN Biochemicals.
Exact concentrations of GdmCl and urea were calculated
from the refractive index of the solution (/6). Standard
suppliers were used for all other chemicals. Water was
deionized and purified on a Millipore system.

Protein Purification. Protein was purified as described in
ref 15. Protein concentrations were calculated from the
absorbance of stock solutions measured at 280 nm, using
the extinction coefficients of model compounds (/7). Protein
purities were confirmed by MALDI-TOF. Briefly, samples
were mixed with a saturated solution of o-cyano-4-hydroxy-
cinnamic acid in a 2:1 (v/v) ratio. One microliter of the
mixture was spotted in each well of the stainless steel target
plate and cocrystallized by evaporation. Spectra were ac-
quired in positive linear mode with the aid of a Bruker Reflex
IV time-of-flight mass spectrometer.

Fluorescence Measurements. Fluorescence spectra for
MJ0729 were recorded in a Cary Eclipse spectrofluorometer
(Varian) interfaced with a Peltier cell. The sample concentra-
tion was in the range of 1—3 M, and the final concentration
of the buffer was, in all cases, 10 mM. A 1 cm path length
quartz cell (Hellma) was used.

(a) Steady State Measurements. Samples of MJ0729 were
excited at 280 and 295 nm at 25 °C in the pH range of
3.0—12.0 to characterize a putative different behavior of
tryptophan or tyrosine residues (/7). The slit width was
typically equal to 5 nm for the excitation and 5 nm for the
emission light. The fluorescence experiments were conducted
between 300 and 400 nm. The signal was acquired for 1 s,
and the wavelength increment was 1 nm. Blank corrections
were made in all spectra.

(b) Chemical and pH Denaturation Experiments. In the
GdmCl denaturation experiments, fluorescence spectra
were acquired with the parameters described above. Spectra
were corrected by subtracting the baseline in all cases. The
chemical denaturation reaction was fully reversible at pH
7.0, as shown by the sigmoidal curves obtained by starting
from diluted 7 M GdmCl samples at different pH values (data
not shown). All the samples were left overnight to equilibrate
at 4 °C. Every chemical denaturation experiment was
repeated at least three times with new samples. Chemical
denaturations were irreversible below pH 5.0 (data not
shown). The protein concentration was 1.26 4M, in protomer
units, unless it is stated (in the following, we will identify
protomer as a monomer of the MJ0729 protein). The
following salts and acids were used: phosphoric acid at pH
2.0—3.0, formic acid at pH 3.0—4.0, acetic acid at pH
4.0—5.5, NaH,PO, at pH 6.0—7.0, Tris acid at pH 7.5—9.0,
Na,COj3 at pH 9.5—11.0, and Na3;PO,4 at pH 11.5—13.0. The
pH was measured with an ultrathin Aldrich electrode in a
Radiometer (Copenhagen, Denmark) pH-meter.

Circular Dichroism Spectroscopy. Circular dichroism
spectra were recorded on a Jasco J810 spectropolarimeter
fitted with a thermostated cell holder and interfaced with a
Neslab RTE-111 water bath. The instrument was periodically
calibrated with (4)-10-camphorsulfonic acid.

(a) Steady State Measurements. Isothermal wavelength
spectra at different pHs were acquired at a scan speed of 50
nm/min with a response time of 2 s and averaged over four
scans at 25 °C. Far-UV measurements were performed with
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FIGURE 1: Sequence comparison and distribution of CBS domains and CBS domain-containing proteins in M. jannaschii. (A) Sequence
alignment of the CBS domain proteins. The figure shows a CLUSTALW alignment (Align X from Vector NTI 9.0, InforMax) of exclusively
the CBS domain pair fragment of the proteins identified in the M. jannaschii genome as carriers of this conserved domain. The number
within parentheses for each indicates the number of the first amino acid in the alignment. Color codes are as follows: red on yellow
background, invariant amino acids; black on blue, strongly conserved; black on green, similar; green on white, weakly similar; black on
white, not conserved. The protein sequences shown have the following accession numbers: MJ0729 (NP_247714), MJ0100 (NP_247064),
MJO0188 (NP_247156), MJ0450 (NP_247424), MJ0566 (NP_247535), MJ0653 (NP_247637), MJ0868 (NP_247863), MJ0922 (NP_247917),
MJ1004 (NP_247998), MJ1225 (NP_248220), MJ1232 (NP_248227), MJ1404 (NP_248407), MJ1426 (NP_248430), and MJ1616
(NP_248626). (B) Motif distribution in CBS domain-containing proteins (SMART database, http:/smart.embl-heidelberg.de/). Chain lengths
are given in parentheses. (C) Ca atom representation of tetrameric MJ0729 as determined from the crystal structure of the protein at pH
4.5—4.8. The 2-fold pseudosymmetry axis relating the four monomers is indicated with a dotted line. A putative dimer of the protein would
be represented by subunits A and D or B and C. Panel C was created with RASMOL (http://www.umass.edu/microbio/rasmol/). The
bottom part of the panel depicts a rotation of 90° around the horizontal axis to show the oblong shape of tetrameric MJ0729.
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10—15 uM protein in 10 mM buffer, using 0.1 cm path
length quartz cells (Hellma). Near-UV spectra were acquired
with 30—40 uM protein in a 0.5 cm path length cell. All
spectra were corrected by subtracting the proper baseline.
The mean residue ellipticity, [#], was calculated as described
previously (/8). The helical content of MJ0729 at any pH
was approximated from its mean residue ellipticity at 222
nm as described previously (/8).

(b) Thermal Denaturation. Thermal denaturation experi-
ments with MJ0729 were performed at constant heating rates
of 60 °C/h and a response time of 8 s. They were collected
in the far-UV region by following the ellipticity at 222 nm
from 25 to 95 °C in 0.1 cm path length quartz cells (Hellma)
with a total protein concentration of 20—40 uM. The
reversibility was tested by recording a new scan after the
thermally denatured samples had cooled to 25 °C and
comparing it with the spectra obtained in the first scan. In
all cases, both spectra were identical (data not shown). The
possibility of drifting of the CD spectropolarimeter was tested
by running two samples containing only buffer, before and
after the thermal experiments. No difference between the
scans was observed. Every thermal denaturation experiment
was repeated at least twice with new samples. In the reheating
experiments, the samples were always transparent and no
precipitation was observed.

In the pH-induced unfolding experiments, the pH was
measured after completion of the experiments, and essentially
no differences were observed with those pHs calculated from
the buffer stock solutions. The pH range explored was
3.0—12.0. The proper blank solutions were subtracted in all
cases. The buffer concentration was 10 mM in all cases, and
the buffers were the same used in the fluorescence measure-
ments. Samples were left overnight to equilibrate at 4 °C.

Differential Scanning Calorimetry. DSC experiments were
carried out with a VP-DSC calorimeter (MicroCal, Northamp-
ton, MA). Protein solutions were prepared by exhaustive
dialysis against the working buffer [5S0 mM HEPES, 200
mM NaCl, and 2 mM 3-ME (pH 7.0)] at 4 °C. To minimize
the amount of gas dissolved in the solutions, all the samples
were degassed under vacuum for 10 min at room temperature
with gentle stirring before being loaded into the calorimetric
cells. Samples were heated at a constant scan rate of 1.5
°C/min (90 °C/h) and held under an extra pressure of 28 psi
to avoid bubble formation and evaporation at temperatures
above 95 °C. Several buffer—buffer scans were performed
to ensure proper instrument equilibration. To test whether
the heat-induced denaturation of the protein was reversible,
protein solutions were cooled in situ to 20 °C for 30 min
immediately after the first scan was completed (usually
ranging from 20 to 125 °C) and rescanned under the same
experimental conditions. To correct for small mismatches
between the two cells, an instrumental baseline (i.e.,
buffer—buffer baseline) was subtracted from the protein
endotherm before data analysis. All traces were dynamically
corrected to account for the time-delayed response of the
detector to the heat event that evolved within the calorimetric
cell. After normalization to concentration, a chemical baseline
calculated from the progress of the unfolding transition was
subtracted.

Fitting was carried out by using the Origin 7.0 package
supplied with the instrument. Since we found no evidence
of dissociation coupled to the thermal denaturation of the
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protein (single symmetrical and concentration-independent
endotherm; see Results), the excess heat capacity functions
were fitted to the two-state (nondissociating) model. The
unfolding of the protein was shown to be complicated by its
precipitation at temperatures above its Ty, especially at
protein concentrations higher than 0.5 mg/mL. In those cases,
since the contribution of the irreversible process leads to the
distortion of the endotherm and therefore deviations from
the two-state model, no fitting of the data was attempted and
only the total calorimetric enthalpy and the maximum in the
excess heat capacity were considered relevant.

Fourier Transform Infrared Spectroscopy. Infrared spectra
were recorded in triplicate (600 spectral scans) in a Bruker
[F66s instrument equipped with a DTGS detector.

(a) Steady State Measurements. For infrared amide 1" band
recordings, aliquots of 400 ug of protein in 10 mM HEPES
were washed twice with 2 mL of 10 mM MOPS, 10 mM
CAPS, 10 mM potassium acetate (pH 7.0), 100 mM KCI or
10 mM MOPS, 10 mM CAPS, 10 mM potassium acetate
(pH 2.5), and 100 mM KCl, and their volumes were reduced
to ~20 uL by filtration on Vivaspin concentrators [SO00 MW
cutoff (Vivascience)]. The concentrated samples were de-
hydrated in a speedvac Savant rotary evaporator and
resuspended in 20 4L of D,O to prevent the interference of
H,0 infrared absorbance (1645 cm™"). The resulting samples
were placed in a liquid demountable cell equipped with CaF,
windows and 50 um thick Mylar spacers and maintained at
room temperature for approximately 2 h to reach equilibrium.
The buffer contribution was subtracted from the individual
spectra, and spectral noise was reduced as described previ-
ously (19).

(b) Thermal Denaturation Measurements. The samples
were subjected to heating cycles at the indicated tempera-
tures. Each step includes (i) a steplike increase in temper-
ature, (ii) a stabilization period of the sample (or plain buffer)
in the IR cell at each temperature, and (iii) a period of
spectral acquisition. The duration of a complete heating cycle
was approximately 2.5 h.

(c) Band Fitting Analysis. The protein secondary structure
was estimated from the IR spectra by decomposition of the
amide I" band into its spectral components (20). Spectral
smoothing was carried out by applying the maximum entropy
method, assuming that noise and band shape follow a normal
distribution. The minimum bandwidth was set to 12 cm™.
The signal-to-noise ratio of the processed spectra was better
than 10000:1. Derivation of IR spectra was performed using
a power of 3, with a breakpoint of 0.3; Fourier self-
deconvolution was performed using a Lorenztian bandwidth
of 18 cm™! and a resolution enhancement factor of 2.0.

Nuclear Magnetic Resonance Spectroscopy. 'H NMR
experiments were conducted in a Bruker Avance DRX-500
instrument.

(a) One-Dimensional NMR Spectra. Spectra were recorded
with 32K data points and using the WATERGATE sequence
to eliminate the residual water signal (27). Typically, 1024
scans were acquired, and the spectral width was 8000 Hz in
all cases. Samples in D,O were prepared with Amicon
centrifugal devices in 10 mM phosphate buffer (pH 7.5).
Spectra were acquired at different concentrations ranging
from 0.1 to 1.5 mM at 25 °C. No changes in chemical shifts
or line broadening were observed. The spectra were pro-
cessed by using BRUKER-UXNMR working on a Windows
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workstation. An exponential window function and polyno-
mial base line corrections were applied. The final one-
dimensional spectra contained 64000 data points. 'H chemical
shifts were quoted relative to external TSP.

(b) Translational Diffusion Measurements (DOSY experi-
ments). Translational self-diffusion measurements were
performed using the pulsed-gradient spin-echo NMR method
(22). The following relationship exists between the transla-
tional self-diffusion parameter, D, and the NMR parameters
(23):

I_IO = —exp[DyH262G2(A — g - %)] @)

where [ is the measured peak intensity (or volume) of a
particular (or a group of) resonance(s), [ is the maximum
peak intensity of the same (group of) resonance(s) at the
smaller gradient strength, D is the translational self-diffusion
constant (in square centimeters per second), 0 is the duration
(in seconds) of the gradient, G is the strength of the gradient
(in teslas per centimeter), A is the time (in seconds) between
the two gradients (i.e., the time when the molecule evolves),
and 7 is the time (100 us) for gradient recovery at the end
of each scan. Data can be plotted as the —In(//I,) versus G2,
and the slope of the line is yu20°GX(A — 0/3 — 7/2), and
then D can be easily obtained.

The Stokes—Einstein equation relates D to the molecular
shape via the so-called friction coefficient, f:

D = kTIf (2)

where T is the temperature (in kelvin) and k Boltzmann’s
constant. The f of a protein is determined by its overall
dimensions, hydration, and the rugosity of the surface
exposed to water. If it is assumed that the protein adopts a
spherical shape, the f coefficient is given by

f = 6mnR, 3)

where 7 is the viscosity of the solvent and R, is the
hydrodynamic radius of the sphere. From eqs 2 and 3:

R, = kT/67nD )

The viscosity of a solution is very weakly influenced by
the macromolecule component at the low macromolecular
concentrations used, and therefore, the viscosity of the
solution should be that of the solvent. Solvent viscosity is
temperature-dependent according to the relationship (24) log
n = a + (blc — T). The terms a, b, and ¢ are given for a
particular D,O:H,O ratio. Under our conditions, a 100% D,0O
solution, at 20 °C, the values of a, b, and ¢ are —4.2911,
—164.97, and 174.24, respectively. This yields an 7 value
of 1.253 kg cm™! s7! at 20 °C, used in our calculations.

The gradient strength was calibrated by using the diffusion
rate for the residual proton water line in a sample containing
100% D,O in a 5 mm tube, and back-calculating G. This
procedure assumes that the diffusion rate for HDO in a 100%
D,O sample is 1.94 x 1073 cm? s7! at 25 °C (24).
Experiments were conducted by using the longitudinal eddy
current delay pulse sequence, with a postgradient eddy
current relaxation delay of 5 ms. Each experiment was
averaged over 128 scans, and the number of points was 16K.
The strength of the gradients was varied from 2% of the
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total power of the gradient coil to 95%, and they were sine-
wave-shaped. Experiments were conducted at different
protein concentrations; the largest protein concentration used
was 1 mM. The other concentrations were obtained from
dilution of the 1 mM stock. The duration of the gradient
was varied between 3 and 2.2 ms, and the time between both
gradients was changed between 100 and 150 ms. The most
upfield-shifted methyl groups (between 0.5 and 0.8 ppm)
were used to measure the changes in intensity. Then, since
the chemical shift is an averaged parameter through all the
species present in solution, the determined D is the average
for all species present in the solution at any pH.

Gel Filtration Chromatography. Experiments were carried
out in an analytical gel filtration Superdex 75 HR 16/60
column (GE Healthcare) running on an AKTA FPLC system
at 25 °C and observed at 280 nm. Flow rates of 1 mL/min
were used, and aliquots of 100 uL. were loaded into the
column after equilibration. The column was equilibrated with
4 column volumes of elution buffer. The elution buffer
contained 150 mM NaCl added to avoid nonspecific interac-
tions with the column and the corresponding buffer (at 50
mM). No differences in the elution volumes were observed
among the different protein concentrations used (from 4 to
100 uM). The column was calibrated using the gel filtration
low-molecular mass calibration kit (GE Healthcare). The
following protein standards with their corresponding Stokes
radii were used: ribonuclease A (1.64 nm), chymotrypsinogen
(2.09 nm), ovoalbumin (3.05 nm), and bovine serum albumin
(3.55 nm) (25). Each experiment at the different pHs was
repeated three times with fresh new samples.

The elution of a macromolecule in gel filtration experi-
ments is usually given by the partition coefficient, which is
defined as the fraction of solvent volume within the gel
matrix accessible to the macromolecule (/8). The weight
average partition coefficients (o) of protein standards and
MJ0729 were calculated by

Ve =V,

o= v (%)
where V. is the elution volume of the protein and V,, and V;
are the void and internal volumes of the column, with values
of 8.13 + 0.06 and 28.43 £ 0.03 mL, respectively. V, and
Vi were determined using riboflavin (5 mg/mL, in 10 mM
phosphate buffer containing 150 mM NaCl) and L-tryptophan
(0.5 mg/mL, in the same buffer), respectively, by averaging
four measurements.

The partition coefficients were determined for the molec-
ular size standards, and they were transformed by using the
inverse error function complement of o, erfc”!(0), to yield
a linear relationship with the molecular Stokes radius, R, (18):

R, = a + blerfc”(0)] (6)

where a and b are the calibration constants for the column.

Fitting of the calculated erfc™!(o) to eq 6 by linear least-
squares analysis was carried out on Kaleidagraph (Abelbeck
Software) on a personal computer. Once the calibration
parameters are obtained, the Stokes radius of any macro-
molecule can be determined.

For a protein, r,, the radius of the spherical anhydrous
macromolecule, can be calculated considering that the
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anhydrous molecular volume (MV/N) equals the volume of
a sphere (26):

3

MV _ 4 which yields r, = (

SItr

_ 3MV)
N 37

4Nw @
where M is the molecular mass of the protein, V is the partial
specific volume of the protein, and N is Avogadro’s number.
The V of MJ0729 is 0.73 cm3/g, and its molecular mass is
14302.7 Da.

Dynamic Light Scattering. The oligomerization state and
the homogeneity of the purified protein were analyzed by
using dynamic light scattering (DLS). All experiments were
carried out in Dynamic Light Scattering DLS Dynapro Titan
equipment (Wyatt-Tecnology) at 20 °C at a laser wavelength
of 620 nm. The protein was divided in eight samples and
equilibrated at different pHs by using “Protein Desalting Spin
Columns” (Pierce). Protein concentrations were measured
with a NanoDrop at 280 nm. Experiments were carried out
at pHs between 3.0 and 11.0, using protein concentrations
from 10 to 120 mg/mL. The following buffers were used:
100 mM citric acid for the pH range of 3.0—6.0, 100 mM
Hepes for the pH range of 7.0—8.0, and 100 mM glycine
for the pH range of 9.0—11.0. Samples were filtered by using
a 0.1 mm filter (Whatman, Maidstone, U.K.). The correlation
function was measured 10 times, over 10 s, and averaged to
yield the result of the hydrodynamic radii. Each sample was
measured three times.

DLS measures time-dependent fluctuations in the intensity
of scattered light, which occurs because particles are
undergoing random Brownian motion in the solution. The
intensity of scattered light, /, is proportional to the sample
concentration, C, and the molecular mass of the molecules,
M, in the solution, according to

on
1= w3
where n is the refraction index of the solution.

In DLS experiments, the intensity autocorrelation function
of the scattered light, g%(7), is measured according to a delay
time, 7, following the relationship g*(t) = [{I(OI(t + 1))/
[{I(£))*]. This function is then used to calculate the normalized
time correlation function of the scattered electric field (27),
g'(7). In practice, 7 is related to a fundamental sample time,
At, to perform the dynamic study of the signal. The function
g'(t) in monodisperse particles can be analyzed with a
Cummulant expansion method (28) following a single
exponential: g'(t) = b + a exp(—I'7), where T is the decay
rate function, which is obtained with the software of the
instrument (Dynamics 6.7.7.9). This software uses a non-
linear least-squares fitting algorithm to fit the measured
correlation function. The decay rate is related to the D with
the relationship I' = D¢?, where ¢ is the scattering vector
and D is the diffusion coefficient defined above (29), from
which the R, can be obtained (eq 4). However, it is important
to indicate that the measured D obtained by this procedure
is the average for all species present in the solution at any
pH.

In all samples analyzed, several peaks, even with high
molecular radii, were observed, but only the most intense
one was used for analysis (see Figure 2A). All the samples
used at pH 3.0, 5.0, and 7.0 at any of the protein concentra-
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FIGURE 2: Hydrodynamic properties of MJ0729. (A) Variation of
the hydrodynamic radius (R;) of MJ0729 with pH and protein
concentration [(OJ) 80, (M) 50, and (O) 10 mg/mL], as measured
by DLS at 20 °C. The curve is drawn to guide the eye. The straight
horizontal lines correspond to the theoretical R, values correspond-
ing to monomer (M), dimer (D), trimer (Tr), and tetramer (T), with
one-shell (0.3 nm) hydration water; the values are 1.6 & 0.3, 2.0
+0.3,2.3 £ 0.3, and 2.6 & 0.3 nm, respectively (eq 7). Estimated
errors in the DLS measurements are 10%. To allow for comparison,
the results from DOSY-NMR (A) (Table 1) and gel filtration
experiments (<) (Figure 3B) are shown. (B) Concentration distribu-
tion vs molecular mass (daltons) of the association states of MJ0729
at pH 5.2, 7.3, and 8.8 and 20 °C. The percentages of the different
species are indicated.

Table 1: Infinite-Dilution Diffusion Coefficients of MJ0729¢

pH D (x10° cm? s71) R, (nm)”
5.0 55+£08 3.2
6.8 8.0+ 0.6 2.4
8.8 8.3+ 0.5 2.2

“Errors are fitting errors from the linear extrapolation at infinite
dilution. Measurements were taken at 20 °C in D,O. ”The
hydrodynamic radius was obtained from eq 4.

tions explored were monodisperse (<20% polydispersity);
at pH 6.0 and 8.0, the most concentrated samples exhibited
between 20 and 30% polydispersity, but in all of the samples,
the polydispersity was larger than 40%, which is the limit
to admit polydispersity (28).

Analytical Ultracentrifugation. The sedimentation velocity
experiments were conducted in an XL-A analytical ultra-
centrifuge (Beckman-Coulter Inc.) at 42000 rpm and 20 °C,
using an AS50Ti rotor and a 3 mm charcoal-filled Epon
double-sector centerpiece. Absorbance was measured at 280
nm. The protein concentration was 20 4M in 50 mM Tris-
HCI (pH 7.3). Data were modeled as a superposition of
Lamm equation solutions with SEDFIT (available at ww-
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FIGURE 3: Gel filtration measurements of MJ0729. (A) Elution peaks
of MJ0729 at different pHs and protein concentrations. Experiments
at pH 5.0 were conducted at a protomer protein concentration of
100 uM [similar results were obtained at 4 uM protomer (data not
shown)]; experiments at pH 7.0 and 8.8 were conducted at 4 uM
protomer [similar results were obtained at 100 uM protomer (data
not shown)]. (B) Determination of the R, of MJ0729 at pH 7.0.
The shortest elution volume peak is indicated by a filled arrow and
that appearing at largest volumes by a blank arrow. The numbering
corresponds to the elution volumes of ribonuclease A (1), chymot-
rypsinogen (2), ovalbumin (3), and bovine serum albumin (4). The
equation was R, = (2.5 £ 0.1) x erfc (o) + (0.3 £ 0.1) (with a
regression coefficient of 0.99). Experiments were conducted at 25
°C.

w.analyticalultracentrifugation.com/default.htm) (30). The
sedimentation coefficient distribution, c(s), was calculated
at a p = 0.68 confidence level. The experimental sedimenta-
tion values were determined by integration of the main peak
of c(s) and corrected to standard conditions to obtain the
s20.w values with SEDNTERP (37). Calculation of the
frictional coefficient ratio was performed with SEDFIT to
yield the c(M) distribution (30). Experiments were also
conducted at pH 5.2 (50 mM acetic acid) and pH 8.8 (50
mM Tris).

Analysis of the pH, Chemical, and Thermal Denaturation
Curves, and Free Energy Determination. The average
emission intensity, (1), in fluorescence spectra was calculated
as (32) XA/, where I is the fluorescence intensity
measured at wavelength A;. The pH denaturation experiments
were analyzed assuming that both species, protonated and
deprotonated, contributed to the spectrum:

X, + X, x 10"PHPK
- 1+ 10"(PH*PKa)

where X is the physical property observed (ellipticity,
fluorescence intensity, or (1)), X, is that in the acidic region,

X

®)
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Xj, is that at high pHs, pK, is the apparent midpoint of the
titrating group, and n is the Hill coefficient. The apparent
pK, was obtained from the average of three different
measurements. Fitting to eq 8 by nonlinear least-squares
analysis was carried out by using Kaleidagraph (Abelbeck
Software) on a personal computer. Global fittings were
carried out with MATLAB (Prentice-Hall).

The GdmCI denaturation curves were analyzed as de-
scribed in other oligomeric proteins (33), calculating an
apparent free energy as described by Marqusee and co-
workers (34). During the fitting of chemical denturation data,
we used the two-state model with a protein concentration-
dependent parameter as described by Bonisch and co-workers
(33). Briefly, these authors have proposed that the term —RT
In[(n"/2"")/c" '], where n is the oligomerization state of the
protein (in MJ0729, it should be 2 or 4; see Discussion) and
¢, is the molar concentration of the protein expressed in n-mer
equivalent; this term is included in the expression given for
the apparent free energy as described by Marqusee (34). We
did not use a three-state model, as those described by other
authors (35), since we did not find evidence of an intermedi-
ate species (that is, in MJ0729, the chemical denaturation
midpoints determined by CD and fluorescence agree within
the experimental uncertainty), and it could result in an
overinterpretation of the results. Thermal denaturation data
(at the pHs where a T, could be obtained; see below) were
analyzed using a concentration-dependent two-state unfolding
mechanism (33).

RESULTS

The Oligomerization State of MJ0729 Is pH-Dependent.
We have previously described the overexpression, crystal-
lization, and X-ray preliminary analysis of protein MJ0729
(I15). The protein yielded complex twinned trigonal crystals
at low pHs, which ranged from hemihedrally to tetartohe-
drally twinned species. X-ray grade crystals were often
difficult to obtain and diffracted poorly to low or medium
resolution. During the crystallization, we observed that the
shape and quality of the crystals varied significantly with
slight variations in the pH of the buffer. We have recently
determined the crystal structure of MJ0729 (which is being
reported elsewhere) which strikingly adopts a disklike shape
tetrameric fold with dimensions of 65 A x 65 A x 38 A
(Figure 1C). This fold and dimensions are different from
those found in related proteins and affect the shape of the
ligand binding site cavity and potentially its ligand binding
capabilities, probably due to the nonconventional arrange-
ment adopted by the Bateman domains (Figure 1C).

Briefly, MJ0729 is an a/f structure that consists of two
CBS domains associated in tandem generating a simple
compact structure known as a “Bateman domain” that was
first described in inosine monophosphate dehydrogenase
(IMPDH) ({, 2). Accordingly, each CBS domain of MJ0729
is formed by a three-stranded antiparallel 3 sheet and two o
helices packed against them, with a S1-al-32-83-a2 se-
quence (2). In the crystal, MJ0729 forms a compact ho-
motetramer with an extensive interface and internal pseu-
dosymmetry 222 (Figure 1C), which favors the tetartohedral
twinning of the crystal (/5). The four subunits constituting
one tetramer have been named A, B, C, and D (Figure 1C),
in which A and B (or C and D), A and C (or B and D), and
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A and D (or B and C) are related by a pseudo-2-fold axis
parallel to the a, b, and ¢ axes of the unit cell, respectively
(Figure 1C). Thus, the tetrameric structure of MJ0729 could
be described as the association of two dimers (i.e., monomers
A—D + monomers B—C in Figure 1C) related by a pseudo-
2-fold axis (represented with a vertical dotted line in Figure
1C). No contacts occur between subunits A and C (or B and
D). An alternative interpretation for a potential dimer would
involve the association of subunits A and C or B and D.
Thus, taking into account the current knowledge from related
structures, the association of subunits A and D (or B and C)
seems more feasible as a potential dimer of MJ0729.
Strikingly, and in contrast with other stand-alone CBS
domain proteins from prokaryotic and eukaryotic organisms,
in tetrameric MJ0729 the A—D Bateman pairs (and/or B—C)
are arranged in a manner remarkably different from the
standard head-to-head or head-to-tail dimeric associations
in which two Bateman domains lay within the same plane.
These structures are exemplified by Protein Data Bank (PDB)
entries 1PBJ and 1050 (head-to-tail dimers) and 1PVM and
1YAV (head-to-tail dimers). A common feature of these
dimeric CBS tandem pairs is the hydrophobic surface of the
aA and aB helices, which mediates their self-association
(6). Our crystallographic analyses of MJ0729 have revealed
a novel tetrameric association in which the Bateman pairs
configuring each potential dimer (A—D or B—C in Figure
1C) are contained within two perpendicular planes. In
addition, within each dimer, the Bateman2 domain is tilted
with respect to the Bateman1 domain, disrupting the interac-
tion among A and oB helices usually observed in standard
dimers. Then, MJ0729 would represent an intermediate
situation between a head-to-head and head-to-tail arrange-
ment for each A—D and/or B—C dimer. As a result, an
unusual ligand binding cavity is formed in which residues
from a major loop of the second Bateman domain instead
of those from helices A or 0B are close to the lower part
of the crevice. According to the crystal structure, one might
speculate that the MJ0729 tetramer would be stabilized upon
formation of new specific interactions between amino acid
residues of A—B monomers (or C—D) from the correspond-
ing dimers; the presence of these new interactions might
modify the former orientation of the Bateman domains within
each dimer, which could formerly be organized according
to a standard head-to-head or head-to-tail arrangement.
Then, to elucidate whether the observed tetrameric species
is a crystallization artifact, we carried out hydrodynamic
measurements of MJ0729 at different pHs. In turn, this study
has been crucial for improving the quality of the crystals.
DLS Measurements. Theoretically, the radius for a mon-
omeric spherical MJ0729 (14302.7 Da) was 1.6 nm (eq 7),
that for dimeric MJ0729 2.0 nm, that for a trimeric species
2.3 nm, and that of a tetrameric one 2.6 nm. However, to
allow comparison with the radius determined by the hydro-
dynamic techniques in this work, we should add to the
calculated values a correction of 0.3 nm to account for the
hydration shell (26) (Figure 2A). Comparison of the experi-
mental R, values with the theoretical ones suggests that (i)
at physiological and basic pHs there is probably an equilib-
rium between a dimeric species and another oligomer; and
(ii) at low pH there is an equilibrium involving long-R
species. Since the tetramer at pH 4.5—4.8 obtained by X-ray
is an oblong molecule (Figure 1C), we favor that some of
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those long-R; species at low pH are tetramers (see Discus-
sion), but not all (as suggested by the FTIR measurements;
see below). It is important to indicate that at basic pH, we
cannot be sure of the existence of a monomeric species, since
the measured D is the result of all the species present in
solution, whatever the shape and oligomerization state. It
could be that the smaller measured D at basic pHs is due to
the presence of a more compact dimeric species, which is
formed upon rearrangement of the physiological dimeric
ones. No significant differences in the R, values from those
from the DLS measurements were observed at the three
protein concentrations that were used (Figure 2A).

DOSY-NMR Measurements. The pHs explored by NMR
measurements were 5.0, 6.8, and 8.8. The D at infinite
dilution was pH-dependent, with the largest values at basic
pHs (Table 1). At all pHs, we observed a straight line in the
measured D coefficients, suggesting that no concentration
dependence was being observed in this concentration range
(from 5.4 to 0.5 mg/mL) (data not shown). The hydrody-
namic radii obtained from eq 4 at any pH were similar to
those calculated by DLS (Figure 2A). Then, the deviations
observed in both techniques from the ideal spherical radii
are probably due to the oblong nature of the molecules
involved or equilibria involving different species. Then, the
presence of any possible monomeric species at basic pHs
cannot be ensured by this technique.

Gel Filtration Experiments and Shape Parameters.
MIJO0729 eluted at any of the explored pHs as two peaks
(Figure 3A) at either 4 or 100 uM. At physiological and
basic pH, these peaks appeared at 9.8 (the smaller one) and
11.36 mL (the largest one), which resulted in R, values of
3.4 and 2.6 nm, respectively (Figure 3B). The first radius is
larger than that theoretically calculated for a tetrameric
sphere, and the second one was close to that of a trimeric
sphere. However, it must be kept in mind that gel filtration
chromatography separates molecules not only by molecular
weight but also by shape. These results suggest that
notwithstanding the presence of the matrix, the behavior of
the protein at these pHs is similar to those obtained by the
other techniques.

On the other hand, the species eluting at pH 5.0 exhibited
larger V. values and smaller hydrodynamic radii (Figure 3A).
At acidic pHs, DLS and DOSY results show the presence
of long-R; species, which in a gel filtration experiment should
elute at smaller volumes. Then, the findings in the gel
filtration at pH 5.0 can be explained as being only due to
protein—column interactions, probably because the protein
is not completely folded at this pH and has solvent-exposed
hydrophobic patches, as indicated by the intrinsic fluores-
cence and ANS binding experiments (see below).

Analytical Ultracentrifugation. The results from the hy-
drodynamic techniques described above suggest the presence
of long-R; species at acidic pHs, which are probably self-
associated ones, with solvent-exposed hydrophobic patches.
However, the hydrodynamic techniques used so far cannot
distinguish contributions of mass and shape to molecular
diffusion. Conversely, analytical ultracentrifugation can be
used to determine directly the molar mass of the association
state of macromolecules (36). The oligomeric state of
MJ0729 was investigated with a sedimentation equilibrium
at the same pHs where DLS, gel filtration, and DOSY
measurements were conducted.
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In the sedimentation velocity experiment at pH 8.8, a
single species was observed with an estimated molecular
mass of 26.3 kDa (Figure 2B), similar to that obtained for a
dimeric species (28.6 kDa); however, a tailing in the c(M)
was observed at these high pHs (green line in Figure 2B),
suggesting that probably there is an equilibrium between
dimeric species with different levels of compactness (which
reinforces our previous hypothesis discussed above in the
DLS results and supports the idea that no monomeric species
are present at these basic pHs).

A similar value of molecular mass was obtained at pH
7.3 (26.5 kDa). However, at pH 5.2, two populations were
observed: that corresponding to a dimer (27.3 kDa) and
another (46.6 kDa), which is halfway between the molecular
masses of trimeric and tetrameric species (the trimeric species
should have a theoretical molecular mass of 42.9 kDa).

The sedimentation coefficient of a macromolecule, s, and
the molecular parameters that determine the s value are given
by the well-known Svedberg equation:

s — MDA _— Vp)
RT

where p is the density of the solvent. Experimentally, we
obtain the s parameter from the sedimentation velocity
experiments, but we cannot determine experimentally the
value of D. On the basis of a deconvolution of the diffusion
effects, a differential sedimentation coefficient distribution,
c(s), can be defined as

a(r,t) = f c(s)xls, D(s), r,t] ds

where a(r,t) is the observed sedimentation data, c(s) is the
concentration of species with a sedimentation coefficient
between s and s + ds, and y[s,D(s),r,t] is the solution to the
underlying transport equation (Lamm equation) (36), which
is also a function of time and radial position. SEDFIT solves
the equation given above by using maximum entropy
methods, with several approaches to estimate the relationship
of s and D, and then to obtain from the c(s), the molar
distribution ¢(M). The first approach decomposes D as a
monotonous single-value function of s. The second, more
common, assumption is that all sedimenting species have
the same weight average frictional shape factor [the rate
between the f factor (eq 3) and that of a spherical unsolvated
molecule] (37). This latter approach gives estimated molec-
ular masses within 10% of that of the target protein, but
caution must be kept in mind since c(M) will be always
dependent on that frictional shape factor. We think that this
is the reason why the calculated molecular mass for that other
species present at acidic pH is halfway between that of a
trimer and that of a tetramer (Figure 2B). Due to the titration
of some acidic groups, the shape of the tetrameric species
must be highly distorted (or alternatively the shape of the
resulting dimeric species present in solution must be highly
elongated), resulting in different oligomeric species whose
frictional shape factor must be quite different among them
and with the rest of the species in solution. Then, the apparent
trimeric species at acidic pHs is a tetrameric one, as
suggested (but not unambiguously shown) by the other
hydrodynamic techniques. At this stage, however, we cannot
rule out the presence of a trimeric species at these pHs, but
we find it rather difficult to rationalize the dissociation of a
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tetrameric species to a trimeric one, and from this to a dimer
protein, though it is interesting to note that such behavior
has been observed in other proteins (see Discussion).

Then, to sum up, the hydrodynamic techniques indicate
that the quaternary structure of MJ0729 is pH-dependent,
with a dominant population of dimeric species at physiologi-
cal pHs, and a long-R; species at slightly acidic pHs (pH
4.5).

The Structure of MJ0729 Remained Unaltered over a Wide
pH Range. The results indicate that the quaternary structure
was pH-dependent, but what happens with the secondary and
tertiary structures? To address this question, we carried out
a spectroscopic characterization at different pHs.

Intrinsic Fluorescence. We used the intrinsic fluorescence
spectra to map any change in the tertiary structure of the
protein with pH. The monomer of MJ0729 has a sole
tryptophan at position 51 in the first CBS domain and
five tyrosines (two in the first CBS domain and three in the
second). The emission fluorescence spectrum of MJ0729 at
pH 7.0, by excitation at 280 or 295 nm, was blue-shifted,
with a maximum at 326 nm. This indicates that the
tryptophans were completely buried in the structure and had
the largest contribution to the spectrum. At pH <5.0, the
maximum of the spectrum was red-shifted toward 338 nm;
a similar behavior was observed at pH >9, suggesting that
at the extremes of pH the tryptophans became solvent-
exposed. A similar tendency was also observed in (1) (Figure
4A, W, right axis) and in the intensity at 326 nm (Figure
4A, O, left axis). These findings suggest that at the extremes
of pHs, the tryptophans and probably some, if not all, of the
tyrosine residues became solvent-exposed. The pK, of the
acidic tritration determined by the changes in intensity at
326 nm was 4.9 £ 0.2.

ANS Fluorescence. ANS binding was used to monitor the
solvent-exposed hydrophobic regions (38). At low pHs, the
fluorescence intensity at 480 nm was large and decreased as
the pH was increased (Figure 4B, O, left axis); this intensity
showed a sigmoidal behavior, but we could not determine
the pK, of the titration due to the absence of an acidic
baseline. Conversely, the (1) showed a titration with a pK,
of 5.12 + 0.09 (Figure 4B, W, right axis), which was similar,
within error, to that obtained by intrinsic fluorescence.

Far-UV CD. We used far-UV CD in the analysis of the
unfolding of MJ0729 as a spectroscopic probe that is
sensitive to protein secondary structure (39). The CD
spectrum of MJ0729 at physiological pH and 25 °C exhibited
a shape characteristic of helical proteins (Figure 5B). The
estimated percentage of helical structure at 222 nm was 15%,
lower than that determined by FTIR (see below). The
differences are probably due to the presence of aromatic
signals absorbing at this wavelength (39). The shape of the
far-UV CD spectrum did change only at the extremes of
the pHs explored (Figure 5A). The sigmoidal behavior of
the ellipticity at 222 nm at acidic pH yielded a pK, of 3.65
=+ 0.06, different from those measured by fluorescence.

Near UV. We used near-UV CD to detect possible changes
in the asymmetric environment of aromatic residues (39).
The near-UV of MJ0729 at pH 7.0 was intense, with bands
at 280 nm, which indicate the presence of an asymmetric
environment for all the aromatic residues (two Phe residues,
one Trp residue, and five Tyr residues per monomer) (Figure
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FIGURE 4: Fluorescence of MJ0729. (A) Intrinsic fluorescence. The
average energy (right axis, M) and the intensity at 326 nm (left
axis, O) are represented vs the pH by excitation at 280 nm (similar
results were observed by excitation at 295 nm). (B) ANS fluores-
cence. The average energy (right axis, l) and the intensity at 480
nm (left axis, O) are represented vs the pH. The dotted line through
the () data is the fitting to eq 8. Experiments were conducted at
25 °C.

5C). At pH 2.0, the features of the near-UV spectrum
disappeared (data not shown), indicating that the protein was
unfolded.

FTIR Experiments. FTIR is a powerful method for the
investigation of secondary and tertiary structures, by fol-
lowing spectroscopic changes of amide I” and Tyr (appearing
at 1515 cm™") bands, respectively. The main advantage in
comparison with CD and fluorescence is that FTIR is much
more sensitive to the presence of  structure or random coil.
Structural information is obtained by the analysis of the
amide I’ region of the spectrum (1700—1600 cm™'). The
absorbance of this band is mainly due to the stretching
vibration of the carbonyl peptide bond, whose frequency is
highly sensitive to hydrogen bonding and, thus, to protein
secondary structure (40). The band of the FTIR spectra in
MJ0729 at pH 7.0 was centered near 1644 cm™!, which is
characteristic of the presence of nonordered conformations.
Fourier self-deconvolution and derivation analysis (see
Experimental Procedures) exhibited maxima centred at
1687.7, 1677.2, 1667.1, 1656.4, 1646.5, 1636.4, 1628.3, and
1613.4 cm™! (Table 2). The 1613.4 cm™! component corre-
sponds to tyrosine side chain vibrations (4/), and the other
maxima are assigned to vibration of groups involved in
different secondary structural motifs. The 1628.3 and 1636.4
cm™! bands are assigned to (;7,0) 8 sheet structure intermo-
lecular and [-sheet structure intramolecular, respectively. The
1646.5 cm™! band is assigned to random coil structure. The
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1656.4 cm™! band is assigned to a helix or disordered
structure. The 1667.1, 1677.2, and 1687.7 cm ™! components
are assigned to turns and loops. These results are similar to
the percentages of secondary structure of the protomer in
the resolved tetrameric X-ray structure (21% of o-helical
structure and 7% of [-sheet) (L. A. Martinez-Cruz, unpub-
lished results).

At pH 2.5, the percentage of helical structure disappeared
(Table 2) and most of the residual structure was involved in
intermolecular 3 sheet, suggesting aggregation (the 1628
cm ! band). These results support our previous fluorescence
and CD findings, where the protein was unfolded at low pHs
(Figures 4A and 5A). Furthermore, they suggest that
populated species at highly acidic pHs (=2.5) are high
molecular-mass species formed by intermolecular hydrogen
bonds. We could not carry out similar experiments at basic
pHs, because the protein precipitated.

The amide 11 band (centred at 1547 cm™") results primarily
from NH bending vibrations in the peptide backbone (42).
Its residual intensity remaining after D,O exchange arises
from nonexchangeable NH groups, and therefore, it reports
on the inaccessibility of the protein core to the solvent due
to tertiary structure. We did not observe an amide II band at
acidic pHs (data not shown). These facts suggest that all the
NH protons were solvent-accessible, and then the structure
was very flexible or disordered (as suggested by the other
spectroscopic techniques).

Nuclear Magnetic Resonance. NMR can give information
about the general fold of a polypeptide chain in solution at
residue level. The upfield-shifted regions of the one-
dimensional NMR spectra of MJ0729 at 25 °C and pH 5.0,
6.80, and 8.8 indicate that the protein was folded, with methyl
groups appearing at chemical shifts as low as 0.2 ppm
(Figure 1 of the Supporting Information). The signals were
broader than expected from protein molecular size (14302.7
Da), suggesting the presence of conformational exchange,
probably due to the oligomerization equilibria described. The
fact that the spectra at different pHs are similar suggests that
the protomer does not change its structure significantly
between pH 5.0 and 9.0.

In summary, we conclude from the spectroscopic probes
above that not only the quaternary structure but also the
secondary and tertiary ones of MJ0729 change at the
extremes of pH. Furthermore, the secondary and tertiary
structures (as monitored by the tryptophan residues and NMR
spectra) remained unaltered between pH 5.0 and 9.0; at pH
2.5, the secondary structure changed dramatically (Table 2),
as shown by FTIR, due to the presence of aggregated species.

Thermal and Chemical Stability of MJ0729. We have
described the conformational preferences of MJ0729 over a
wide pH range, but we do not know how stable the protein
is between pH 5.0 and 9.0, where the secondary and tertiary
structures remained basically unaltered. Then, next, we tried
to determine the stability of the protein in that pH range.

Thermal Denaturations Followed by Far and Near UV.
The ellipticities at 222 nm (far UV) and 280 nm (near UV)
did not change in a sigmoidal fashion (Figure 5D). The
denaturation process was fully reversible at all explored pHs
between 5.0 and 9.0.

Thermal Denaturations Followed by FTIR. The thermal
dependence of the amide I” band was used to assess the
stability of the protein secondary structure. Thermal dena-
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FIGURE 5: Far- and near-UV spectra of MJ0729. (A) Change in [0] as the pH was modified. (B) Far-UV CD spectrum at pH 7.0 and 25 °C.
(C) Near-UV spectrum at pH 7.0 and 25 ° C. (D) Thermal denaturations followed by the changes in ellipticity at 280 nm (O and dotted
lines) and 222 nm (M and solid lines) at pH 7.0; the scale on the y-axis is arbitrary. The conditions were as follows: 10—15 uM protomer
protein (far-UV) or 30—40 uM protomer protein (near-UV) with a buffer concentration of 10 mM in all cases.

Table 2: Secondary Structural Analysis of MJO729 As Determined by
FTIR at Two pHs and 25 °C“

structure content (%)

wavenumber (cm™')  structural assignment” pH 7.0 pH 2.5

1687.7 turns and loops 4

1677.2 turns and loops 10 2
1667.1 turns and loops 6

1656.4 o helix 26 6
1646.5 random coil 21 20
1636.4 B sheet intramolecular 17

1628.3 B sheet intermolecular 14 72°
1613.4 tyrosine 2

“ Errors in the wavenumber are estimated to be +2 cm™'. ® There

were other bands at 1618.4 cm™" at this pH whose assignment is due to
the formation of [ sheet intermolecular, and the sum of both

components is indicated.

turation results in amide I band widening and other spectral
changes, including the appearance of components at 1620
and 1684 cm™!, which are related to aggregation of thermally
denatured proteins (40).

The thermal denaturation of MJ0729 at pH 7.0 showed
two transitions when the change in the tyrosine bands was
followed (Figure 6A) and only one when the denaturation
of the amide I’ band was observed (Figure 6B). Thermal
unfolding of protein involves not only loss of secondary
structure but also changes in the microenvironment of side
chain groups. Aromatic ring stretching vibrations of tyrosine
at 1515 cm™! provide a specific local monitor for both tertiary
and secondary structural changes (41). The T}, of the amide
I’ band was the same as that obtained in the second thermal

transition of the tyrosine bands (Figure 6A); this suggests
that the second transition involved a global unfolding of
MIJO0729. The first transition probably implicated a local
denaturation around the tryrosine amino acids. The thermal
transitions were irreversible at pH 7.0, due to aggregation
processes occurring at the high concentrations used in the
FTIR experiments. Thermally induced changes in spectro-
scopic parameters were not observed at pH 2.5, then
supporting the above observations that at this low pH the
protein was unfolded (Figures 4A and 5A).

Thermal Denaturation Followed by DSC. The heat-
induced denaturation of MJ0729 was also monitored by the
change in the excess heat capacity of the protein solution
when it was heated at a constant scan rate. At pH 7.0, the
protein was highly stable upon heating, although the revers-
ibility of the process was shown to be only marginal (only
~30% of the endotherm was detected upon rescanning the
protein at the lowest concentration tested, 0.1 mg/mL). The
level of irreversibility shown in these experiments, which
was not observed in the CD measurements (see above), is
probably due to the much higher temperatures reached in
the DSC experiments (125 °C).

Several experiments were performed under the same
experimental conditions (see Experimental Procedures) at
protein concentrations within the interval of 0.1—1 mg/mL
(protein precipitation precluded the use of higher concentra-
tions). The excess heat capacity functions obtained at
different protein concentrations were almost identical (see
the Supporting Information); they were characterized by a
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FIGURE 6: FTIR of MJ0729. Thermal denaturation of MJ0729
followed by the changes in the tyrosine band (1515 cm™") (A) and
the rate of the intensities, I160/l1¢54 (B).

single endotherm with its maximum located at the same
temperature, 99.5 4+ 0.1 °C (average of seven scans), and
their calorimetric enthalpy showing no concentration depen-
dency (AH = 122 + 12 kcal/mol of monomer). At the lowest
protein concentrations tested (from 0.1 to 0.3 mg/mL; see
Figure 7A), the endotherm is symmetrical (with no evidence
of dissociation coupled to the denaturation of the protein)
and fits fairly well to the two-state unfolding mechanism.
Under these conditions, the van’t Hoff enthalpy change upon
unfolding (180 kcal/mol) is substantially larger than the
calorimetric one (122 kcal/mol), suggesting that the coopera-
tive folding unit is larger than one monomer. On the other
hand, the van’t Hoff to calorimetric enthalpy ratio is lower
than 2 (~1.5) which points to the incomplete unfolding of
the protein dimer to yield a partial (still dimeric) state of
the protein particularly prone to aggregation. As the con-
centration of the protein is increased, the contribution of the
irreversible aggregation of the protein to the overall dena-
turation process becomes more evident since the endotherm
becomes gradually more skewed toward its high-temperature
side, together with a concomitant increase in the noise of
the post-transitional baseline, and its deviation of its normal
trend due to the contribution of an exothermic process (which
is characteristic of protein precipitation).

Figure 7B also shows the dependence of both van’t Hoff
and calorimetric enthalpy changes on melting temperature,
T, observed for each concentration of GdmCl within the
range of 0—2 M. The presence of increasing concentrations
of denaturant destabilizes the native state of the protein
[(0T)/(A[GAmCI]) = 3.78 °C L/mol (see the Supporting
Information)] without affecting the two-state unfolding
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FIGURE 7: Thermal denaturation of MJ0729 in the presence of
GdmCl at pH 7.0 monitored by DSC. (A) The protein, at a
concentration of 0.2 mg/mL (14.0 uM monomer), was heated at a
constant scanning rate (90 °C/h) to 125 °C in the presence of
increasing concentrations of GdmClI (from right to left): 0, 0.5, 1.0,
1.5, and 2.0 M. (B) Temperature dependence of the van’t Hoff (H)
and calorimetric (@) enthalpy changes upon protein unfolding at
different concentrations of denaturant. The slopes of the linear
regressions yield the van’t Hoff and calorimetric heat capacity
changes upon unfolding, 6.8 and 4.3 kcal K~ mol ™!, respectively.

mechanism described in aqueous buffer. The van’t Hoff to
calorimetric enthalpy ratio ranged from 1.35 at 2 M GdmCl
to 1.5 in buffer. The heat capacity changes upon protein
unfolding were determined from the slopes of the linear
correlations in the AH versus T, plots. As in the case of the
enthalpy changes discussed above, the calorimetric heat
capacity change upon unfolding amounts to 4.3 kcal K™!
mol !, significantly lower than the one calculated from the
van’t Hoff enthalpies, 6.8 kcal K™! mol~!. Therefore, we
must conclude from the calorimetric data that the protein
seems to be a dimer in its native state (below the T,,) and
unfolds cooperatively to give a dimeric partially folded state
that may become involved in the irreversible precipitation
of the protein.

Chemical Denaturation. From the thermal experiments,
it is clear that MJ0729 is a highly thermostable protein. Then,
we carried out equilibrium chemical denaturations monitored
by fluorescence at different temperatures at physiological pH
where the protein was mainly a dimer (Figure 2A). The
intensity of the fluorescence spectra at 326 nm and (A)
changed in a single sigmoidal fashion, as the concentration
of GdmCl increased (Figure 8A). The fact that a single
sigmoidal transition was observed suggests that dimer
dissociation and monomer unfolding occurred concomitantly,
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FIGURE 8: Chemical denaturation data of MJ0729. (A) Sigmoidal
chemical denaturation data of 1.6 uM protomer of MJ0729 at 25
°C (O, solid line) and 65 °C (M, dotted line). The line is the fitting
to a two-state model with protein concentration dependence. (B)
Chemical denaturation midpoints [[GdmCl],, (O)] and apparent
free energies [calculated as described by Park and Marqusee (34)
(M)]. The error bars are errors from fitting to the two state-model
(the ([GdmCl];),) or from error propagation (AG,). (C) m values
of the chemical denaturations. Error bars are from fitting to the
two-state model. The protein concentration was 1.26 uM protomer
in all cases.

and then this transition should be concentration-dependent.
To test that hypothesis, we carried out experiments at 25
°C, at two different concentrations: 1.26 and 1.54 uM protein
(in protomer units). The [GdmCl],,, values were 4.25 £+ 0.02
and 4.30 £+ 0.03 M, respectively, which are similar, but
different enough to show the variation. Experiments at 4 uM
were also conducted (Figure 4 of the Supporting Informa-
tion), but the larger stability precluded an exact determination
of the denaturation midpoint. The GdmCl denatutation
experiments at any of the explored temperatures were
reversible, and the [GdmCl],/, decreased slightly within the
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temperature interval that was explored (Figure 8B). We
should expect also a decrease in the m values at high
temperatures as the protein becomes more unfolded; how-
ever, all the m values were similar, within error, in the
temperature range that was explored (Figure 8C).

These results could suggest that the monomers are not
sufficiently stable to exist isolated in solution. However, since
they might be formed at high pH [this work (see above)],
the monomers could be sufficiently stable to exist isolated
in solution, but they are not significantly populated because
dimer formation is highly favorable. Then, when solution
conditions make the dimer dissociate, the monomeric species
are no longer sufficiently stable to be populated.

DISCUSSION

The Oligomerization State of MJ0729 Is pH-Dependent.
The main result of this work is that MJ0729 exhibits a pH-
dependent oligomerization state: at pH < 2.5, the dominant
species is a high-molecular mass species with intermolecular
hydrogen bonding, as suggested by FTIR (Table 2 and Figure
2 of the Supporting Information). At higher pHs (between
pH 4.5 and 5.3), these species dissociate to yield a tetrameric
one [as shown by X-ray (Figure 1C) and suggested by the
decreasing slope of the DLS curve (Figure 2A)]. It is
important to bear in mind, however, that the measurements
from DLS, as those of DOSY-NMR, are the result of the
averaged properties of those species present in solution. Thus,
the long R, measured at low pH is the result of a D measured
by DLS, which averages over the elongated native tetrameric
species present, possibly other native-like tetrameric species,
and the intermolecular hydrogen bonding species present at
lower pHs [clearly shown by FTIR (Figure 2 of the
Supporting Information)]. Thus, the R, values at those low
pHs are the result of different oligomeric species.

Oligomeric dissociation (tetrameric and the other oligo-
meric species) occurs because of titration of some aspartic
and/or glutamic residues; further, this species probably
dissociates to yield a highly oblong tetrameric species (see
Results and Figure 2B). We have indirect evidence from the
tetrameric state in solution, since the only confirmation comes
from the presence of long-R, species in DLS experiments
(Figure 2A) and the calculations with SEDFIT (see Figure
2B). We can conclude that such a tetramer is not an artifact
of the crystallization procedures or due to the high protein
concentrations used, since it seems to be present in solution
in a narrow pH range. At physiological pH, a dimeric species
is present (Figure 2B), which, as suggested by DLS and
DOSY measurements, also has an elongated shape. At pH
>10, the protein either suffers rearrangements in the quater-
nary structure (which did not alter the dimeric state) or,
alternatively, might dissociate to a monomeric species. It is
important to indicate, however, that we do not have other
alternative evidence of the presence of monomeric species
at basic pHs, other than the DLS and DOSY measurements.

The secondary (CD) and tertiary (fluorescence) structures
and the burial of hydrophobic residues (ANS) also were pH-
dependent, but the apparent pK, values were different;
therefore, various residues were involved in the acquisition
of the different types of structure. Interestingly enough, the
acquisition of secondary structure occurs at very acidic pHs,
with an apparent titration midpoint of 3.6 (Figure 5A),
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FIGURE 9: Model of association of MJ0729. The green oval indicates
the monomer which has the whole hydrophobic surface buried. The
red one indicates the monomer which has large patches of solvent-
exposed hydrophobic surface. The red—green oval indicates species
with some hydrophobic patches still solvent-exposed. At basic pH,
a rearrangement of the dimeric form is suggested (in blue ovals),
which could alter the native like structure of the dimer. Since the
evidence of a monomeric species at this basic pH is weak, we have
preferred, for the reader’s sake, not to include it in this simplified
pictorial model. The ovals indicate the elongated shape of the
macromolecule.

suggesting that the residue(s) involved (probably aspartic and/
or glutamic) is buried. On the other hand, the acquisition of
native-like tertiary structure (Figure 4A) and the burial of
hydrophobic residues (Figure 4B) occurred at pH ~5.0,
similar to the pK, of a solvent-exposed aspartic residue (43).
These data suggest that the long-R; species at low pH have
native-like secondary structure, even though the tertiary
structure is not fully attained. Then, MJ0729 seems to
populate a molten globule state at low pH.

The formation of the quaternary native-like dimeric
structure seems to be governed by the presence of residues
with a pK, close to 6.0 (Figure 2A); the only residue with
such pK, is a histidine (43), which is present in MJ0729 in
the long loop connecting both CBS domains. However, this
residue is far from the dimeric interface (L. A. Martinez-
Cruz, unpublished results); then, the titration midpoint must
be ascribed to an Asp and/or Glu residue, which should be
hydrogen-bonded in the tetrameric species (hence, its high
pK, value).

Then, we can conclude that the fact that the pH titrations
followed by different probes have different midpoints sug-
gests that the pH denaturation process is not an “all-or-none”
process. Thus, there are species with different secondary and
tertiary structures, and even with a different amount of
solvent-exposed hydrophobic surface.

However, the question of which molecular mechanisms
are behind those changes in the quaternary structure can be
raised. Since the changes are pH-dependent, they must rely
on electrostatics. Furthermore, burial of hydrophobic surface
must also be important; it has been recently argued that
during formation of homooligomeric species, the largest
interacting interface is maintained (44). In MJ0729, the total
solvent accessible area buried upon dimer formation (from
monomer) is 7653 Az, and the area buried per each dimer
upon tetramer formation is 6133 A? (45). Then, the most
stable species seems to be the elongated dimeric one, and
the tetramer can be envisioned as a dimer of dimers which
keeps the elongated shape (Figure 9). The large surface area
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buried upon dimer formation also suggests that a well-folded
MJ0729 monomer does not exist independently in solution.

There are protein families with members with different
quaternary structure (44, 46). For instance, the members of
the DsrEFH family can be monomeric, homodimeric, ho-
motrimeric, and homohexameric; interestingly enough, as it
happens with MJ0729, the proteins are not well-character-
ized, and some members of the family are thought to be
involved in sulfur metabolism (47, 48). Changes in protein
quaternary structure are associated with the evolution of new
functions and regulation. A major mechanism in the evolution
of protein function is the formation or disruption of interac-
tions among the subunits forming a homooligomer. Recently,
it has been shown that a switch from a monomeric helical
protein to a dimeric one is based on a conversion of an
o-helix to 5-sheet, which forms the new dimer interface (49).
At low pHs, in MJ0729, high-molecular mass oligomeric
proteins are present, as shown by the presence of intermo-
lecular f3-sheets (Table 2 and Figure 2 of the Supporting
Information). The titration of an acidic residue probably
disrupts the intermolecular hydrogen bonds and changes the
conformation of a f-strand to an a-helix conformation,
making that oligomerization interfaces be formed by the
docking of helices (Figure 1C). However, these helices in
the tetrameric protein must be flickering and some of them
highly unstable at these low pHs (as shown by the hydrogen
exchange experiments followed by FTIR) due to solvent
exposure of hydrophobic regions not yet fully buried [as
indicated by the ANS experiments (Figure 4B)]. Then,
titration of other acidic group(s) triggers a change to a
dimeric form, which is the dominant species up to pH 9, as
shown by ultracentrifugation experiments (Figure 2B).

High Equilibrium Stability of MJ0729. The relatively high
thermal denaturation midpoints for MJ0729 are most likely
related to its origin from a hyperthermophile organism. From
a thermodynamic point of view, the thermal stability of a
protein can be attained either by a large maximum in the
free energy curve, the so-called AGp, or by a low AC, (or
by both reasons together); either factor makes the free energy
curve intersect the x-axis (the 7-axis) at very high values.
Calculation of the AG curve in MJ0729 from the equilibrium
denaturation experiments (Figure 8B) indicates that the curve
is very broad (probably due to a small AC,), and then, the
T, is very high. In addition to these factors, MJ0729 self-
associates, and according to the action mass, a higher protein
concentration implies a greater conformational stabilization.
For instance, high stability has been reported for the dimeric
dihydrofolate reductase from Thermotoga maritima (50) and
in the dimeric ORF56 from Sulfolobus islandicus (51). In
the case of dihydrofolate reductase, the large stability has
been attributed to an extremely slow unfolding rate. It is
reasonable to assume that disruption of the large hydrophobic
surface of dimeric MJ0729 must also be very slow.

An important question that has not yet been answered is
what molecular mechanism(s) may underlie the very high
stability of MJ0729. It has been suggested that a high level
of quaternary structure is responsible for the extreme thermal
stabilization of homooligomeric proteins (52). However, this
hypothesis does not hold for MJ0729 since at low pH, where
the tetrameric (and other oligomeric) species are present, the
proteins exhibited irreversible thermal and chemical dena-
turations with smaller midpoints due to partial unfolding of
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the protein (data not shown). High protein stability has also
been attributed to a large number of salt bridges (53), and
there are several salt bridges in the dimeric interface of
MIJ0729, which probably regulate the quaternary structure
(see above).

On the other hand, a comparison among the sequences of
proteins from thermophiles and mesophiles can shed some
light on that raised question (54). Protein sequences from
thermophiles show a large proportion of charged (Arg, Asp,
Glu, and Lys) and hydrophobic (Gly, Ile, Pro, and Val)
residues and, concomitantly, a low percentage of uncharged
polar amino acids (Asn, Gln, and Thr). In MJ0729, the
percentage of charged and hydrophobic accounts for 50%
of the total number of residues, and then it is larger than
that of uncharged ones (10%), suggesting that its sequence
also determines its thermostability. More detailed molecular
interpretations of the stability of oligomeric proteins are
difficult. Although there is a great deal of research these days
into prediction of subunit affinities (as shown by CAPRI
results), accurate predictions remain elusive (55). We can
only hypothesize that the high stability of the oligomeric
MJ0729 is important for its function, as described recently
for other oligomeric proteins (56), although the exact function
of MJ0729 remains to be elucidated.

Equilibrium Unfolding of MJ0729. Most of the previous
work on protein folding has focused on small single-domain
proteins that fold rapidly and avoid aggregation (57).
However, there are many proteins in the cell which are large,
with multiple folding domains and/or subunits and which
probably do not follow the simple folding principles estab-
lished with results from small proteins. Further complications
arise in multimeric proteins, where their folding involves not
only intramolecular interactions but also intermolecular ones.
How the amino acid sequence controls subunit—subunit
interactions and which additional stability is conferred by
such contacts can be only addressed by characterizing the
stability and conformational properties of multimeric proteins.

The stability of other proteins (that is, free energy of
unfolding plus energy of dissociation) is in the range
of 15—35 kcal/mol (35, 58, 59); for those proteins [most of
them dimeric (59)] showing a single transition, the confor-
mational stabilities range from 10 to 27 kcal/mol. These
values are within the range of the apparent free energy (34)
determined in MJ0729 (Figure 8B). Thus, MJ0729 behaves,
from the point of view of stability, as the majority of the
oligomeric proteins reported to date.

Biological Implications of the Different Oligomerization
States of MJ0729. Protein self-association is a commom
process, and in fact, approximately 50—70% of the known
structures assemble into homomers (44). Oligomerization
improves protein stability, controls the accessibility and
specificity of particular sites, and restricts the presence of
enzyme activity. Even in virus-encoded proteinases self-
association can restrict, in time, infection stages. On the other
hand, mechanisms preventing oligomerization through in-
tramolecular interactions have been described in some
proteins. For instance, members of the Wiskott-Aldrich
syndrome protein family form intramolecular interactions to
hide otherwise protein interacting regions (60); furthermore,
the cysteine proteinase of hepatitis A virus forms ho-
modimers in the millimolar range, which is reduced to
micromolar when the viral RNA is present (6/). Thus, these
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examples indicate that self-association is important and can
contribute to regulation of some physiological phenomena.

In this work, we have shown that the two-CBS domain
protein MJ0729 forms several pH-dependent homomeric
species. It could be thought that oligomerization is a result
of the particular domain dissection we have chosen to study.
There are, however, several pieces of evidence that suggest
that the self-association is intrinsic and specific to the whole
polypeptide chain: (i) oligomerization could be measured by
four different techniques (Figures 2 and 3 and Table 1), and
(ii) the self-oligomerization seems to be specific by burying
particular patches of hydrophobic surfaces (Figure 4B).
Oligomerization, in addition, improves the stability of
MJ0729, as shown by chemical denaturation experiments
carried out at different protomer concentrations (Figure 4 of
the Supporting Information). Further, CBS domains have
been described as being involved in the multimerization of
the homocystathionine f-synthase (3). Protein engineering
studies are necessary to find which residues are responsible
for modulating the oligomerization states of MJ0729 and
whether this modulation can be conducted by the binding
of natural substrates, such as adenosyl groups, or even by
binding to other proteins.
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SUPPORTING INFORMATION AVAILABLE

NMR spectra of MJ0729 at different pHs (Figure 1), FTIR
spectra at different temperatures at two pHs (Figure 2), excess
heat capacity change of MJ0729 versus temperature for
different protein concentrations within the range of 0.1—0.9
mg/mL (Figure 3A) and showing the dependence of 7}, on
the concentration of GdmCl (Figure 3B), and sigmoidal
chemical denaturation data of MJ0729 protomer at 1.6 (OI)
and 4 uM (M) at 25 °C (Figure 4). This material is available
free of charge via the Internet at http://pubs.acs.org.
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