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Proteins belonging to the superfamily of pyridoxal
5’-phosphate-dependent enzymes are currently classi-
fied into three functional groups and five distinct struc-
tural fold types. The variation within this enzyme group
creates an ideal system to investigate the relationships
among amino acid sequences, folding pathways, and en-
zymatic functions. The number of known three-dimen-
sional structures of pyridoxal 5-phosphate-dependent
enzymes is rapidly increasing, but only for relatively
few have the folding mechanisms been characterized in
detail. The dimeric O-acetylserine sulfhydrylase from
Salmonella typhimurium belongs to the p-family and
fold type II group. Here we report the guanidine hydro-
chloride-induced unfolding of the apo- and holoprotein,
investigated using a variety of spectroscopic tech-
niques. Data from absorption, fluorescence, circular di-
chroism, 3'P nuclear magnetic resonance, time-resolved
fluorescence anisotropy, and photon correlation spec-
troscopy indicate that the O-acetylserine sulfhydrylase
undergoes extensive disruption of native secondary and
tertiary structure before monomerization. Also, we have
observed that the holo-O-acetylserine sulfhydrylase ex-
hibits a greater conformational stability than the apoen-
zyme form. The data are discussed in light of the fact
that the role of the coenzyme in structural stabilization
varies among the pyridoxal 5'-phosphate-dependent en-
zymes and does not seem to be linked to the particular
enzyme fold type.

Pyridoxal 5'-phosphate (PLP)!-dependent enzymes have
been classified into the «, B, and y families based on the
chemical characteristics of their enzymatic activities (1). This
enzyme group has also been organized on the basis of sequence
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and structural features, into five distinct fold types (2). Three-
dimensional structures have been reported for about 30 PLP-
dependent enzymes (3), and the folding mechanism has been
investigated in some detail for less than a dozen. Much of the
reported data has mainly derived from research on the fold
type I enzymes.

Tryptophan synthase, threonine deaminase, and O-acetyl-
serine sulfhydrylase (OASS) belong to the B-family and fold
type II. These enzymes catalyze B-replacement and/or B-elim-
ination reactions, sharing similar catalytic pathways. Despite
the fact that OASS and the B, dimer of tryptophan synthase
from Salmonella typhimurium exhibit closely related reaction
mechanisms and a common folding pattern (4, 5), the sequence
identity is small, only 20%. A detailed investigation into the
folding mechanism of the PLP-dependent enzymes belonging to
the same or different families can provide a rare opportunity to
uncover the specific structure and function determinants en-
coded in the primary sequence.

The biosynthesis of L-cysteine from L-serine in bacteria and
plants is catalyzed via a two-step process by the multienzyme
complex cysteine synthetase (6, 7). Serine O-acetyltransferase
catalyzes the first step, the acetylation of the B-hydroxyl of
L-serine using acetyl-CoA as the acetyl donor. The PLP-depend-
ent OASS catalyzes the synthesis of L-cysteine from O-acetyl-
serine and sulfide via a B-replacement reaction (8). The mul-
tienzyme complex is composed of two dimers of OASS and two
trimers of serine O-acetyltransferase (7, 9, 10). In the presence
of O-acetylserine or other ligands of either of the two enzymes,
the complex can be reversibly resolved into the active compo-
nent enzymes (7, 9, 11).

OASS from S. typhimurium is a homodimer (34,450 Da/
protomer). Along the catalytic pathway, the coenzyme forms
several intermediates. In the absence of substrates or products,
PLP is covalently bound via a Schiff base to the e-amino group
of Lys-41 (12). The internal aldimine (13) exists as an equilib-
rium of enolimine and ketoenamine tautomers with absorption
maxima at 330 and 412 nm, respectively (8, 14). The three-
dimensional structure of the A-isozyme of OASS from S. typhi-
murium (EC 4.2.99.8) has been recently determined at 2.2 A
resolution (5, 15), and the catalytic competence of the enzyme
in the crystalline state has been assessed by polarized absorp-
tion microspectrophotometry (16). The active site is localized at
the junction between the N- and C-terminal domains. Each
protomer contains two tryptophan residues (Trp-50 and Trp-
161). Both tryptophans are located about 20 A apart from the
PLP (Fig. 1) (5). The conformational properties of OASS have
been investigated in the presence and absence of bound PLP
and during the catalytic reaction by measuring the steady-

This paper is available on line at http://www.jbc.org
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Fic. 1. structure of the holo-OASS

Three-dimensional
A-isozyme dimer (PDB file 10AS). The coenzyme, Trp-50 and Trp-
161, shown in stick mode, are labeled. Both tryptophans belong to
a-helical motives (5).

state and time-resolved fluorescence and phosphorescence of
the coenzyme and tryptophan residues (17-21). A large confor-
mational change takes place upon ligand binding (14, 15, 19),
indicating that some regions of the protein are quite flexible.
The comparison of the emission properties of apo- and holoen-
zyme indicates the presence of an energy transfer between
tryptophans and the coenzyme (18, 21). Due to the different
orientation of tryptophans transition dipoles, the energy trans-
fer predominantly occurs between Trp-50 and PLP (21).

The presence of multiple intrinsic fluorescent probes allows
one to monitor the conformational state of several distinct
regions of the protein during the unfolding process and to
evaluate the role of the coenzyme in the stabilization of the
protein. Here we present data on the guanidine hydrochloride
unfolding of OASS. UV-visible absorption spectra, circular di-
chroism spectra, steady-state and time-resolved fluorescence of
PLP and tryptophan, dynamic light scattering, and ®'P nuclear
magnetic resonance of apo- and holo-OASS were all measured
as a function of guanidine hydrochloride concentration.

MATERIALS AND METHODS

Enzyme—The A-isozyme of O-acetylserine sulfhydrylase, obtained
from a plasmid-containing S. typhimurium-overproducing strain (LT-2)
according to the method of Hara et al. (22), modified by Tai et al. (23),
was a kind gift of Dr. Paul F. Cook (Department of Chemistry and
Biochemistry, University of Oklahoma, Norman, OK). The protein con-
centration (protomers) was estimated on the basis of an extinction
coefficient of 7,600 M ' cm ™! at 412 nm (8). The apoenzyme was pre-
pared by extensive dialysis against a solution containing 5 M GdnHCI,
100 mm MES, 10 mm O-acetylserine, 0.1 mMm dithiothreitol, pH 6.5, at
4 °C, followed by dialysis against 100 mM potassium phosphate, 0.1 mm
dithiothreitol, pH 7.0 (24). The concentration was determined by the
Bradford method (25). Using the holoenzyme to obtain a calibration
curve, an extinction coefficient of 20,000 M~* cm ™! (protomers) at 280
nm was obtained for the apoenzyme.

Chemicals—K*-Hepes, MES, Bis-Tris propane, guanidine hydrochlo-
ride, O-acetyl-L-serine, fluorescein (Sigma), PLP (Roche Molecular Bio-
chemicals), valine methyl ester and dithiothreitol (Fluka), and p-ter-
phenyl (Aldrich) were of the best commercially available quality and
were used without further purification.

Buffers—Absorbance, dynamic light scattering, and fluorescence ex-
periments were carried out in a buffer solution containing 100 mm
K"-Hepes, pH 7.0, and variable concentrations of GdnHCI at 20 °C.
PLP, PLP-valine methyl ester, and holo-OASS were dissolved in 100
mM Bis-Tris propane, pH 7.0 for *'P NMR spectra. For CD measure-
ments, buffer solutions containing 20 mM potassium phosphate, pH 7.0,
were used. Denaturant-containing solutions were prepared according to
Pace (26), and GdnHCI concentration was checked by measuring the
solution refractive index.

Absorption and Steady-state Fluorescence Measurements—The un-
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folding rate is strongly dependent on the denaturant concentration and
ranged from several minutes to several hours. Therefore, each sample
was incubated in GAnHCI solutions for at least 24 h at 20 °C. Absorp-
tion spectra were recorded using a Cary 219 spectrophotometer. Fluo-
rescence spectra were collected on a PerkinElmer LS50B fluorometer.
Absorption and fluorescence spectra were corrected for solvent contri-
bution. Samples were equilibrated at 20 = 0.5 °C.

Far UV Circular Dichroism Measurements—Circular dichroism
measurements were carried out using a JASCO J-715 spectropolarim-
eter. The samples were maintained at 20 = 0.5 °C. Each reported
spectrum is the average of three measurements. Fractions of @ and B
structure were calculated by deconvoluting the observed spectra with
the CD Spectra Deconvolution software (65).

Equilibrium Analysis—The thermodynamic parameters of the tran-
sition between the native and the unfolded states of holo- and apoen-
zyme were determined from steady-state fluorescence and circular di-
chroism equilibrium curves by the linear extrapolation method (26),
according to a two-state model.

The equilibrium unfolding constants K, at each denaturant concen-
tration were calculated from the equation,

fu
Ky = (Eq. 1
vTI-g, oV
where f;; is the fraction of unfolded protein, calculated as,
I-1
fu o (Eq. 2)

(Ioy + SulD)) — Ion

where I and I, ; are the observed signal intensity at a defined denatur-
ant concentration and in the absence of denaturant, respectively; I, ;; is
the extrapolated intensity of the fully denatured species, S, is the
post-transition slope, and [D] is the denaturant concentration.
The K, values were used to calculate the unfolding free energies as
follows.
AGY =

—RTh Ky (Eq. 3)

AG 5, the free energy change in the absence of denaturant, and m, the
dependence of AGY; on denaturant concentration, were calculated using
the following equation.

AGY; = AGy — m[D] (Eq. 4)
By combining Equations 1-4, the following is obtained.
—AG) ;+m[D]
Ion + (Ioy + SylD))e ®rT
I= “AGY +mID] (Eq. 5)
1+e rT

Time-resolved Fluorescence Measurements—Fluorescence intensity
decays were measured by the phase and modulation technique and
were fitted to a sum of discrete exponentials by the Marquardt algo-
rithm of the Globals Unlimited software (University of Illinois, Urbana,
IL) (27). Tryptophan fluorescence lifetimes were measured at a pro-
tomer concentration of 9.65 and 4.80 uM for the holoenzyme and the
apoenzyme, respectively and will be reported in detail elsewhere.? The
modulated 295-nm excitation light was obtained from the output of a
frequency-doubled, cavity-dumped rhodamine dye laser (Coherent,
model 700) synchronously pumped by a Coherent Antares Nd/YAG
laser. The emission was collected through a Schott WG320 cut-off filter
in order to eliminate scattering of the excitation light by the sample.
Modulated excitation light at 454.5 nm was obtained using a Spectra
Physics model 2017 Argon-ion laser modulated through a Pockel cell on
an ISS Instruments phase and modulation fluorometer. The fluores-
cence was collected through a Hoya Y48 filter to eliminate scatter of the
excitation light. In these experiments the holoenzyme concentration
was 19.3 uM protomers. A p-terphenyl solution in ethanol (1.05 ns) or a
fluorescein solution in diluted NaOH (4.05 ns) were used as lifetime
standard references for excitation at 295 and 454.5 nm, respectively.
Rotational correlation times were calculated from the differential po-
larized phase and the modulation ratio between the perpendicular and
parallel components of the emission across a modulation range from
2-250 MHz (28, 29). Optical filters used in the emission path were
identical to those used in the fluorescence lifetime experiments above.

2 S. Bettati, S. Benci, B. Campanini, G. Schianchi, S. Vaccari, T. L.
Hazlett, E. Gratton, and A. Mozzarelli, manuscript in preparation.
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Differential phase and modulation data were analyzed using the
Globals Unlimited software with standard errors of 0.2° and 0.01 for the
differential phase and modulation, respectively. Data were well fitted to
a double exponential decay model.

Photon Correlation Spectroscopy—The laser source at 532 nm for the
photon correlation spectroscopy apparatus was a frequency doubled
Nd:YVO, (1064 nm) diode-pumped laser (Millennia II, Spectra Physics)
in TEM,, mode. The beam was spatially filtered and focused at the
center of a 10-mm square quartz cell with a sample volume of about 400
ul. Two replicas of the scattered light were detected by two photomul-
tipliers tubes (H5873P-01, Hamamatsu), and the discriminated signals
were sent to the two inputs of an ALV5000E/fast digital correlator
(ALV, Germany) for the computation of the pseudo-cross-correlation
functions. Further details of this set-up can be found elsewhere (30).

The measurements were performed at a 90° scattering angle with a
laser power of about 1 W at 24.5 °C. The protein concentration was
35-45 uMm, and sample solutions were filtered with 0.2-um low protein
adsorption filters (Nucleopore).

The auto-correlation function of the intensity of the scattered light
was analyzed as an exponential decay with relaxation rate I' = Dg?,
related to the protein mutual diffusion coefficient D and to the scatter-
ing vector g. The dependence of ¢ on the solution refractive index n,
vacuum wavelength A, and scattering angle 6 was taken into account
according to the relation ¢ = 4mmsin(6/2)/A. The hydrodynamic radius of
the protein, a, was obtained from the diffusion coefficient D by the
Stokes-Einstein relation,

_ keT
" 6ma

(Eq. 6)

where kj is the Boltzmann’s constant, T is the absolute temperature,
and 7 is the solvent viscosity. The refractive index of the solutions
required for the computation of the scattering vector ¢ was measured by
an Abbe refractometer to three significant digits and cross-checked with
values obtained from the literature (31). The solution viscosity, m,
necessary for the computation of the protein radius from the diffusion
coefficient, was assumed to be equal to that of the solvent and was
obtained from the literature (32).

NMR Measurements—Fourier transform *'P NMR spectra were col-
lected at 121.496 MHz on a Bruker 300 MHz SWB superconducting
spectrometer using a 10-mm multinuclear probe head with broadband
H decoupling. The NMR tube, containing the sample (2 ml) and H,O
(0.2 ml) as field/frequency lock, was maintained at 20.0 = 0.1 °C using
a thermostated air flow. A solution containing OASS (15 mg/ml), 100
mM Bis-Tris propane, pH 7.0, was used. A spectral width of 2000 Hz was
acquired in 8192 data points with a pulse angle of 60°. The exponential
line broadening used before Fourier transformation was 10 Hz. Positive
chemical shifts in ppm are downfield changes with respect to 85%
H,PO,. The *'P NMR spectra were collected in less than 5 h using
protein concentrations high enough to assure a *'P signal with a rea-
sonable signal to noise ratio.

RESULTS

UV-Visible Absorption and Steady-state Fluorescence Spectra
of OASS as a Function of GAnHC! Concentration—The internal
aldimine of OASS exhibited an absorption band centered at 412
nm (Fig. 2) (14). In the presence of GdnHC], the band intensity
decreased, and the peak wavelength blue shifted to 392 nm, a
wavelength typical of free PLP (33). Upon excitation at 298 nm,
the emission spectrum of holo-OASS was centered at 340 nm
(Fig. 3a) (21). In the presence of increasing concentrations of
GdnHCI, the emission band progressively shifted to the red and
increased in intensity. For the apoenzyme, the emission inten-
sity (excitation at 298 nm) was almost 2-fold that of the holoen-
zyme due to the absence of the energy transfer to the coenzyme
(21). The emission intensity decreased at low denaturant con-
centrations, and the band shifted toward the red, whereas at
higher denaturant concentrations, the emission intensity was
found to increase (Fig. 3b). At a concentration of GdnHCI
higher than about 2 M, the emission of apo- and holoenzyme
were very similar, as also indicated by the dependence of the
emission maximum on denaturant concentration (Fig. 3c). The
fluorescence increase of the apoenzyme was due to the direct
effect of denaturant on tryptophan emission properties (34),
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Absorbance

300 350 400 450 500 550
Wavelength (nm)

Fic. 2. Absorption spectra of holo-OASS in the absence and
presence of 4.0 M GAnHCI. A solution of the native enzyme (15.4 puMm)
in 100 mMm Hepes, pH 7, was mixed with an equal volume of a solution
containing 100 mM Hepes, 8.0 M GdnHC]I, pH 7. Absorption spectra were
recorded in the absence (continuous line) and in the presence of the
denaturant after 1 min (dotted line) and after 60 min (dashed line).

Fluorescence intensity (a.u.) Fluorescence intensity (a.u.)

0 A T Ty
350 400 450 500 550
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at peak maximum
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Fic. 3. Effect of denaturation on the emission spectra of holo-
OASS (@) and apo-OASS (b) upon excitation at 298 nm (slit, =
2.5 nm; slit,, = 2.5 nm). Emission spectra were recorded under equi-
librium conditions in the absence and presence of different molar con-
centrations of GdnHCI (indicated in the figure). Data are normalized to
the same enzyme concentration, 3.5 uM protomers, 100 mM Hepes, pH
7, at 20 °C. ¢, dependence of the peak wavelength for holo- (open circles)
and apo-OASS (closed squares) as a function of GAnHCI concentration.
a.u., arbitrary units.

whereas the fluorescence increase of holoenzyme on denatur-
ant concentration was likely due to a combination of two ef-
fects: the decrease of energy transfer between tryptophan and
coenzyme (21) and the influence of denaturant on tryptophan
emission, as also observed for the apoenzyme.

The difference emission spectra between the folded and un-
folded enzyme exhibited a maximum value at 363.5 and 326.5
nm for holo- and apo-OASS, respectively (data not shown). The
fluorescence emission intensities at these wavelengths were
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Fic. 4. Dependence of the fluorescence emission intensity of
holo-OASS at 363.5 nm (a) and apo-OASS at 326.5 nm (b) on
denaturant concentration (A, = 298 nm). The solid lines represent
the fitting of the data to a two-state model according to Equation 5. The
linear extrapolation method (26) (Equations 1-4) has been preferred in
the determination of the thermodynamic parameters since it resulted in
more accurate values. The transition midpoints and the unfolding free
energies are 1.57 = 0.15 and 2.72 * 0.40 kcal/mol and 0.47 + 0.02 and
1.47 = 0.11 kcal/mol for holo- and apoenzyme, respectively. a.u., arbi-
trary units.

plotted as a function of GAnHCI concentration (Fig. 4, a and b).
A 10-fold change of protein concentration (0.35-3.5 uMm) was not
found to affect the dependence of fluorescence emission inten-
sity on the denaturant concentration (data not shown).

Time-resolved Fluorescence and Fluorescence Anisotropy—A
three-exponential process was used to describe tryptophan flu-
orescence intensity decays of holo- and apoenzyme upon exci-
tation at 295 nm (21). The detailed analysis of tryptophans and
coenzyme lifetime decays as a function of denaturant concen-
tration will be reported elsewhere.? The rotational correlation
times and their respective fractions, as obtained from the en-
zyme intrinsic tryptophan fluorescence anisotropy decays, are
shown as a function of GAnHCI concentration in Fig. 5. The two
distinct rotational correlation times, ¢, and ¢,, were assigned
to the slow protein tumbling and the fast local motion of the
fluorophores (28, 35). The limiting anisotropy was fixed to r, =
0.29, which is consistent with values expected for tryptophan
(36). The faster rotational correlation time, attributed to the
intrinsic motion of the probe, exhibited similar values for the
holo- and apoenzyme and was consistent with the expected
values for the rotation of indolyl side chains of Trp (37). Within
the experimental error, no appreciable dependence on denatur-
ant concentration was observed for the fast motion. The slower
rotational rate, which provides information on the global and
structural motions of the protein, strongly decreased as a func-
tion of GAnHCI concentration, reaching a practically constant
value at about 2.5 and 1.5 M for the holo- and apo-OASS,
respectively.

The internal aldimine fluorescence intensity decays, upon
excitation of the bound coenzyme at 454.5 nm, were well fit by
a double exponential decay model (20).2 The total fluorescence
intensity drops sharply with the increase of GdnHCI concen-
tration, and reliable measurements could not be carried out
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above 2.0 M due to the release of PLP (see “Discussion”). The
coenzyme anisotropy decays were fit to a single macromolecu-
lar species having two associated rotational correlation times
(Fig. 6). The shortening of the longer rotational correlation
time at increasing denaturant concentrations was less pro-
nounced than that observed through the tryptophan anisotropy
decays. Notably, the relative fractions were unaffected by the
presence of GAnHCI in the measured range. This characteristic
was closely tied to the presence of bound PLP (see
“Discussion”).

3P NMR Experiments on PLP, PLP-valine Methyl Ester
Schiff Base, and OASS in the Absence and Presence of Guani-
dinium Chloride—3'P NMR experiments were carried out for
PLP, PLP-valine methyl ester Schiff base, and holo-OASS in
the absence and presence of 0.8 and 2.0 M GdnHCI (Table I).
The signal of free PLP is at 3.86 ppm in the absence of GAnHCl
and shifts downfield to 4.53 ppm in the presence of 2.0 M
GdnHCI. This effect was probably due to the considerable in-
crease in ionic strength (a similar behavior was observed in the
presence of 2.0 M NaCl; data not shown). For the model, Schiff
base in the absence of denaturant two 3!P signals were ob-
served at 3.68 and at 3.30 ppm. In the presence of 2 M GdnHCl,
the signals shift downfield to 4.54 and 4.21 ppm. In contrast,
the OASS signal shifted upfield from 5.13 to 4.54 and 4.13 ppm,
with the 4.54-ppm signal predominant in the presence of de-
naturing agent. The signal at 4.54 ppm indicated some free
PLP, whereas the signals at lower ppm (4.21 and 4.13 ppm for
PLP-valine methyl ester and OASS, respectively) were inter-
preted as the model aldimine in the presence of denaturant.

Far UV Circular Dichroism Spectra—Under native condi-
tions, the mean residue ellipticity was significantly lower in the
apo- than in the holoenzyme (Fig. 7, @ and ). CD spectra of the
holo- and apoenzyme, collected in the presence of GdnHCI
under equilibrium conditions, showed a gradual reduction of
the ellipticity (Fig. 7, a and b). A small negative signal was still
present at 6.0 M GdnHCI (Fig. 7¢), suggesting that even at this
high denaturant concentration the protein is locally structured.
A 10-fold change of protein concentration (1.5-15 um) did not
affect the dependence of ellipticity on GdnHCI concentration
(data not shown).

Dynamic Light-scattering Measurements—The diffusion co-
efficient of OASS is reported in Fig. 8 as a function of GdnHCIl
concentration in the range 0-3.5 M. The diffusion coefficients
were corrected for the solution viscosity, although this does not
change the data appreciably, amounting to a maximum correc-
tion of 10% at [GdnHCI] = 1.5 M. The measured diffusion
coefficient showed a smooth decrease up to about 1 M denatur-
ant, whereas at higher concentrations the diffusion coefficient
showed a steep decrease corresponding to a =50% increase in
the protein size at 1.5 M GdnHCI. The mean value of the
diffusion coefficient obtained for [GdnHCI] < 0.2 M, D = 70.3 =
0.5 um?%/s, was consistent with a dimeric form of the protein. In
fact, we estimated Do nomer = 85 um?/s, and D g;per = 69 um%/s
for the diffusion coefficient of the monomer and dimer forms of
OASS, respectively, assuming a monomer molecular weight of
34,450 dalton, a partial molecular volume v = 0.78 ml/g (38),
and adding a water shell of =0.28 nm. A correction for the
shape anisotropy of the OASS dimer, an oblate ellipsoid with
the short axes of about 4.5 nm and the longest axis of about 8.5
nm (Protein Data Bank 10AS), was found to be minimal, a=
3% increase of the dimer diffusion coefficient, and did not
change the good agreement between the theoretical value and
our experimental findings.

DISCUSSION

The far UV CD spectra collected in native conditions (Fig. 7,
a and b) exhibit a different composition of secondary structure
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¢ The + indicates that this peak has a higher intensity.
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e, ‘s @ . ® data, the native apoenzyme exhibits a lower helical content
0.8 4 . than the holoenzyme and an increased amount of 8 structures.
The inspection of the three-dimensional structure of the holo
§ 0.6 enzyme (5) indicates that both tryptophans are located in a-hel-
g ical segments. As shown by fluorescence measurements (Fig.
= 04 3), following the re-organization of the secondary structure, Trp
o . residues are more solvent-exposed in native apo-OASS (maxi-
' . = mum at 343 nm) than in holo-OASS (maximum at 338 nm) (43).
L} . . .
ool | . ' . E . In holo-OASS, phosphorescence studies (18) indicate that Trp-
00 05 L0 L5 20 25 161 is embedded in a more polar environment than Trp-50.

[GdnHCI] (M)

Fic. 6. GAnHCI dependence of PLP fluorescence anisotropy
decays upon excitation at 454.5 nm. The rotational correlation
times (a) and the corresponding fractions (b) were measured on solu-
tions containing 19.3 uM holo-OASS, 100 mMm Hepes, pH 7, 20 °C after
equilibration for 24 h at variable GAnHCI concentration. Each point is
the best fit to 2 to 4 separate experiments (reduced global x* < 1.0). For
clarity, the reported ¢ values of the shorter rotational correlation time
(squares) have been multiplied 10-fold.

elements for apo- compared with holo-OASS. In contrast, other
PLP-dependent enzymes, including serine hydroxymethyl-
transferase (39, 40), mitochondrial aspartate aminotransferase
(41) (fold type I), and tryptophan synthase (42) (fold type II),
exhibit similar spectra for the apo- and holoenzyme. Despite
the well known uncertainty in the quantitative evaluation of
secondary structure content from CD spectra, the calculated
values for holo-OASS are in good agreement with the crystal-
lographic data (Table IT). On the basis of the circular dichroism

Conformational changes associated with the binding of the
coenzyme and the preferential quenching of Trp-50 emission
due to energy transfer to PLP (18, 21) account for a different
contribution of the two residues to the total emission of holo-
and apoenzyme.

Unfolding of holo-OASS leads to an increased average dis-
tance between tryptophans and coenzyme and a reorientation
of the corresponding transition dipole moments, hampering the
energy transfer and increasing tryptophan fluorescence quan-
tum yield. Moreover, the increased solvent exposure of trypto-
phan residues in the denatured state is the origin of the shift of
the emission maximum to 355 nm.

The GdnHCI dependence of the tryptophan emission in holo-
and apo-OASS (Fig. 4) indicates that protein regions where the
tryptophans are localized are more stable when PLP is bound,
as shown by the different denaturation mid-points. These find-
ings demonstrate not only that the coenzyme strongly in-
creases the protein stability, but also that, even in the absence
of denaturant, the presence of the PLP is necessary to attain
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Fic. 7. Far UV circular dichroism spectra of OASS as a func-
tion of GAnHCI concentration. CD spectra of holo- (a) and apo-OASS
(b) were recorded for enzyme solutions containing 20 mm phosphate, pH
7.0, at 20 °C in the absence and presence of different GdnHCI concen-
trations (indicated in the figure). ¢, dependence on GdnHCI concentra-
tion of the mean residue ellipticity at 222 nm for holo- (open circles) and
apo-OASS (closed squares). The solid lines are the fits to Equation 5.
The thermodynamic parameters have been calculated using the linear
extrapolation method (26) (Equations 1-4), yielding more accurate
values. The transition midpoints and the unfolding free energies are
1.03 = 0.03 and 2.05 = 0.15 kcal/mol and 0.39 + 0.02 and 1.58 *= 0.17
kcal/mol for holo- and apo-OASS, respectively.

8

=
E 74
5 [
S E iy B
= []
#» A 4
= %
k2
]
.= - [
S 5
51
=
£ 41 .
a [ ]
34 T T - |
0 | 2 3 4

[GdnHCI] (M)

FiG. 8. Mutual diffusion coefficient D of holo-OASS as a func-
tion of GAnHCI concentration. The reported data are corrected for
the solution viscosity.

the correct native fold. The stabilizing effect of the coenzyme
was also reported for glutamate decarboxylase (44), aspartate
aminotransferase (41, 45—48), sheep liver serine hydroxymeth-
yltransferase (40), tryptophanase (49-51) (fold type I), and
tryptophan synthase (562-54) (fold type II) but not in Esche-
richia coli serine hydroxymethyltransferase (39) and DOPA
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TABLE II
Secondary structure content of native holo- and apo-OASS
a-Helix B-Sheet Others

% % %
Holo-OASS“ 34.8 15.2 50.0
Holo-OASS? 37.0 14.0 45.6
Apo-OASS® 28.7 22.9 52.1

“ Values obtained from the crystallographic data (Protein Data Bank
file 10AS) (5).

® Values obtained from the deconvolution of far-UV CD spectra with
the CD Spectra Deconvolution software, Version 2.1 (65). Since the
fractions of different secondary structure elements are computed sepa-
rately, with a 3.5% tolerance, the sum of the calculated fractions is
slightly different from 100% (96.6 and 103.7% for holo- and apo-OASS,
respectively).

decarboxylase (55) (fold type I). On the basis of this limited
enzyme set, it would appear that the stabilizing role of the
coenzyme is not strictly associated with the fold type.

The equilibrium unfolding curves of holo-OASS, as calcu-
lated from the denaturant dependence of the ellipticity at 222
nm (Fig. 7c¢), are significantly right-shifted compared with
those obtained by monitoring tryptophan fluorescence (Fig. 4a).
This result suggests that either the N- or the C-terminal do-
main of the OASS monomer is endowed with higher stability
than the overall protein. Although the coenzyme is located at
the interface between the domains, it makes different contacts
with the N- and C-terminal domain. The phosphate group of
PLP interacts with the positive dipole of the N terminus of
helix 7 and makes several hydrogen bonds with residues Gly-
176, Thr-177, Gly-178, and Thr-180 in the loop between strand
7 and helix 7 of the C-terminal domain (5). These bonds could
lead to a higher stability of the C-terminal domain, containing
Trp-161, with respect to the N-terminal domain, containing
Trp-50. The latter domain is more quenched through energy
transfer by the coenzyme and would be expected to contribute
more to the change in fluorescence, which occurs upon
unfolding.

The overlapping of the denaturation curves for apo-OASS, as
monitored by tryptophan fluorescence (Fig. 4b) and circular
dichroism (Fig. 7¢), strengthens the interpretation that the two
structural domains of holo-OASS are differentially stabilized
by the interaction with the coenzyme. The stabilizing effect of
PLP on OASS is not evident above 2 M GdnHCI, where the
denaturation curves for holo- and apo-OASS are superimpos-
able (Figs. 4 and 7). To understand whether this is simply due
to the disruption of the network of interactions between the
coenzyme and the protein matrix or to the breakage of the
Schiff base and the consequent release of the PLP, the depend-
ence of the absorption and 3P NMR spectra of the coenzyme in
the presence of denaturant was measured. Upon exposure of
the holo-OASS to high concentrations of GAnHCI, the intensity
of the 412-nm band first decreases without any spectral shift
(Fig. 2). This transient species exhibits spectral properties and
NMR signals similar to those of model PLP amino acid Schiff
bases (33) and is attributed to the presence of coenzyme still
bound to the denatured enzyme. This state slowly converts into
a new species that absorbs at lower wavelengths (Fig. 2) and is
typical of free PLP (33). The 3'P NMR signal of the phosphate
group of OASS-bound PLP shows an upfield shift upon expo-
sure to 2 M GdnHCI from 5.13 to 4.54 ppm (Table I). An upfield
shift was also observed after an open to close conformational
transition when native OASS forms an external aldimine with
L-serine (14). However, as indicated by the absorption data and
by the observation that free PLP and OASS in the presence of
denaturant exhibit the same peak at 4.54 ppm, the most likely
explanation for the observed behavior is the breakage of the
covalent bond between the PLP and the side chain of Lys-41.
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Moreover, the release of the coenzyme could account for the
sharp decrease of the internal aldimine fluorescence intensity
at 500 nm in the presence of denaturant, which is almost
completely suppressed at 2.0 M GdnHCI.

The dependence of the anisotropy decays on denaturant (Fig.
5) also indicates that the almost complete unfolding of holo-
and apo-OASS occurs at about 2.0 and 1.0 m GdnHCI, respec-
tively. In the absence of denaturant, the longer rotational cor-
relation time is about 40 ns, independent of the intrinsic fluo-
rescence probe (Trp or coenzyme) and the presence of PLP
(Figs. 5 and 6). The expected rotational correlation time for a
roughly spherical protein of 69,000-Da molecular mass at 20 °C
is approximately 30 ns (Ref. 56 and references therein). The
slightly higher value attained, 40 ns, can be explained by the
oblate ellipsoid shape of this enzyme and the imprecise knowl-
edge of its solution hydration state and specific volume. The
low relative contribution of local motions is consistent with the
fact that both tryptophans are embedded in a relatively rigid
environment, as suggested by the low B factors, determined
crystallographically (29.7 and 24.6 A2 for Trp-50 and Trp-161,
respectively) (5). Such behavior is even more evident in the
coenzyme anisotropy decays (Fig. 6). The faster rotational cor-
relation time of tryptophans is relatively insensitive to the
GdnHCI concentration (Fig. 5), but their respective anisotropy
amplitudes are not. The speed of the fast local motion of the
tryptophans would not necessarily be expected to increase sig-
nificantly upon protein denaturation since the local motion is
normally fast, even in the native protein. The fractional ampli-
tude of the fast rotational correlation time, however, increases
as unfolding proceeds since it pertains to the scope of the
tryptophan motion and not its speed. In the intact protein, the
tryptophan motion is hindered by the organized protein struc-
ture. When the protein structure is loosened, the freedom of the
tryptophan motion increases, as clearly signaled (Fig. 5). Upon
unfolding, the increased flexibility of the polypeptide chain
prevents the fluorescent probes to track the global motions of
the protein. The shortening of the slow rotational correlation
time and its lower relative contribution to the anisotropy decay
as a function of denaturant concentration reflect the increasing
weight of segmental motions. The apparent convergence of the
fractions of the slow and fast components observed at higher
denaturant concentrations is a consequence of the fact that the
more the two rotational correlation times approach each other,
the more difficult it is to discriminate the two populations,
which ultimately tend to merge (57).

The fluorescence anisotropy data suggest that monomer for-
mation does not take place before denaturation. Furthermore,
the transition midpoints of the denaturation curves obtained
from fluorescence and circular dichroism data did not exhibit
any measurable dependence on protein concentration when the
latter was varied in a 10-fold range (data not shown). The
monomerization as a function of denaturant concentration was
specifically addressed by dynamic light-scattering experiments
on the holo-OASS (Fig. 8). The results indicate that a relatively
modest increase in the average radius accompanies the confor-
mational events that lead to the loss of most of the native
tertiary and secondary structure. Thus, the strong interface
interactions prevent the (partially) unfolded dimer from as-
suming largely expanded conformations. The sharp increase in
the size of the molecule observed at denaturant concentrations
higher than the transition midpoint for unfolding is due to
further unfolding of the monomer once the interface con-
straints are loosened or lost. Accordingly, no significant change
of the average radius is observed between 0.5 and 1.0 M
GdnHCI, a range of concentration that is in the steep region of
the denaturation curve, as monitored by fluorescence and cir-
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cular dichroism, because of the compensating effect of mono-
merization and monomer expansion.

The resulting mechanism for OASS-unfolding requires that
most of the native secondary structure is disrupted after the
release of the coenzyme, but strong intermonomer interactions
force the protein to maintain a relatively compact, although
flexible, conformation according to anisotropy data. Once the
structure is sufficiently destabilized, monomerization occurs,
leading to a further expansion of the isolated monomers, al-
though there is evidence for some degree of structural organi-
zation (native or non-native), even at the higher denaturant
concentrations. This is suggested by the small but significant
negative ellipticity observed at 210—220 nm in the presence of
6 M GdnHCI (Fig. 7, a and b) and is in agreement with the
behavior of tryptophans lifetime decays.? The apparent two-
state behavior and the absence of protein concentration de-
pendence of equilibrium unfolding arise from the very high
degree of structural destabilization required to allow the mo-
nomerization, so that no intermediate states having spectro-
scopic properties significantly different from the native dimer
or the unfolded monomer are populated at equilibrium.

Different mechanisms of unfolding have been proposed for
other PLP-dependent proteins on the basis of equilibrium and
kinetic data. In DOPA decarboxylase (55), E. coli aspartate
aminotransferase (48, 58, 59) (fold type I), and alanine race-
mase (60) (fold type III) no appreciable loss of secondary struc-
ture takes place before monomerization.

Steady-state fluorescence equilibrium curves, when ana-
lyzed according to Equations 1-4 (see “Materials and Meth-
ods”), yield unfolding free energies of 2.72 + 0.40 and 1.47 =+
0.11 kcal/mol for holo- and apoenzyme, respectively. Despite
significantly different midpoints (see Figs. 4 and 7), similar
AG, iy values, 2.05 = 0.15 and 1.57 * 0.17 kcal/mol, are found
when far UV circular dichroism is used to monitor unfolding.
The calculated free energies should not be considered as abso-
lute values because of the approximation to a two-state system.
The unusually strong intermonomer interactions require that a
high degree of unfolding has to be achieved to allow monomer-
ization, so that fluorescence and circular dichroism are no
longer sensitive to the last monomerization/unfolding events,
and the contribution of intersubunit interactions to the overall
stability is probably underestimated. Moreover, some residual
structural organization under denaturing conditions might af-
fect the estimate of the unfolding AG, ;; by contributing to the
native state stability (61), However, the calculated thermody-
namic parameters should represent good estimates and sug-
gest that the free energies of stabilization for apo- and holo-
OASS are low when compared with other proteins of
comparable size. Furthermore, the slow unfolding rate (7, is of
the order of several hours at low denaturant concentration)
suggests that kinetics compensate for the modest thermody-
namic stability by minimizing the probability of the protein to
sample unfolded or partially folded states. Kinetic stability as
a mechanism for longevity has been suggested for a-lytic pro-
tease (62, 63), an extracellular bacterial protease.

It has been suggested (64) that the marginal stability of the
native state of proteins arises from the balance between two
fundamental requisites: a well defined three-dimensional
structure, required for functional specificity, and an adequate
flexibility to allow the conformational changes associated with
ligand binding, catalysis, and allosteric regulation. The three-
dimensional structure of the methionine external aldimine of a
K41A mutant of OASS from S. typhimurium has been recently
reported (15). The external aldimine structure is in a closed
conformation, demonstrating that ligand binding induces very
large local and global conformational changes in OASS. In this
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perspective, it might be interesting to determine if, and to what
extent, the stabilizing effect of the coenzyme varies in different
catalytic intermediates. Furthermore, in the case of OASS, one
more level of conformational flexibility is required for reversi-
ble binding and reciprocal regulation by serine acetyltrans-
ferase in the cysteine synthase multienzyme complex.
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