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ABSTRACT: Cystalysin, the key virulence factor in the bacteridlimteponema denticolaesponsible for
periodontitis, is a homodimeric pyridoxal-phosphate (PLP)-C-S lyase. The dimerization process and
the urea-induced unfolding equilibrium of holocystalysin were compared with those of the apo form. The
presence of PLP decreased times the monomerdimer equilibrium dissociation constant. By using a
variety of spectroscopic and analytical procedures, we demonstrated a difference in their unfolding profiles.
Upon the monomerization of apocystalysin, occurring betweerd 2awi urea, a self-associated equilibrium
intermediate with a very higfi-sheet content is stabilized over the 246M urea range, giving rise to a

fully unfolded monomer at higher urea concentrations. On the other hand, highly destabilizing conditions,
accompanied by the formation of a significant amount of insoluble aggregates, are required for PLP release
and monomerization. Refolding studies, together with analysis of the dissociation/association process of
cystalysin, shed light on how the protein concentration and the presence or absence of PLP under refolding
conditions could affect the recovery of the active dimeric enzyme and the production of insoluble aggregates.
When the protein is completely denatured, the best reactivation yield found 8@ and 25% for holo

and apocystalysin, respectively. The dimerization and folding processes of cystalysin have been compared
with those of another PLP C-S lyase, MalY frden coli, and the possible relevance of their PLP binding
mode in these processes has been discussed.

Cystalysin (E.C.4.4.1.1) was identified as a virulence factor ~ The atomic resolution structure of cystalysin has been
of the human oral pathogefreponema denticoland is reported §). The overall structure of the enzyme is similar
endowed with hemeolytic and hemeoxidative activities to that observed for the proteins belonging to the fold-type
leading to both tooth and gum damag} Successive studies | family of PLP-enzymes. The cystalysin monomer consists
demonstrated that cystalysin is a homodimeric, pyridokal 5 ©Of two domains: the large domain (residues—£88),
phosphate (PLB-dependent enzyme, which catalyzes the carrying the PLP cofactor covalently bound to Lys238, whose

o,-elimination ofL-cysteine to produce pyruvate, ammonia, central element is a mainly parallel seven-strandesheet
and HS (2). Interestingly, cystalysin toxicity has been thatisfound in all members of the aminotransferases family,

directly related to the production of,8, a compound that

is toxic to most cells at high concentratior®.(The enzyme
has a broad substrate specificity and accepts several sulfur
and non-sulfur-containing amino acids as well as disulfidic
amino acids as substrate8).( Additionally, cystalysin

and the small domain formed by the N (residuesiT)- and

C (288-394)-terminal of the polypeptide chain. Both
domains form a deep cleft in the center of the cystalysin
monomer, at the bottom of which PLP is bound to the
C-terminal end of the seven-strandéaheet (Figure 1).

catalyzes as side reactions the racemization and overall Inrecentyears, most of the work on cystalysin, performed
transamination of both enantiomers of alanid ( by means of kinetic and site-directed mutagenesis studies,

was focused on the elucidation of the substrate and reaction
specificity 3) and on the identification of catalytic residues

T This work was supported by funding from the Italian Ministero

(6—8). Thus, on the basis of crystal structure and these

dell'Universitae Ricerca Scientifica e Tecnologica (to C.B.V.). investigations, evidence has been provided on some mecha-
Sogggggsréondl!rg autlhot:- Tel?rlt35:£045_-@§02_7-1_z5- Fax:+39-045- nistic aspects of the reactions catalyzed by cystalygin (
- . E-mall: carla.porrivoltattorni@univr.it. H H
¥ Universitadegli Studi di Verona. 8). Ther_e is, however,_ no report to date on the folding
$ Consejo Superior de Investigaciones Cientificas. mechanism of cystalysin.
! Universita‘La Sapienza’. In this work, we employ a variety of biophysical tech-

1 Abbreviations: PLP, pyridoxal'Sphosphate; DLS, dynamic light . ; f ;i
scattering; ANS, 8-anilino-1-naphtalenesulphonic adRs;, Stokes niques and analytical procedures to characterize the dimer-

radius.

ization process and the urea-induced folding equilibrium of
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Folding Pathway of Cystalysin

Ficure 1: Schematic representation of the structur@ odienticola
holocystalysin. Ribbon representation of the dimeric form of
cystalysin (pdb code: 1c7n), showing the domain organization of
the enzyme. The major and minor domain of chain A are depicted
as dark and light gray ribbons, respectively. Chain B is colored in
white. The PLP moiety of chain A is also represented, as black
sticks.

cystalysin. Our results, in addition to indicating that cystal-

ysin’s stability is augmented by the presence of the coen-

zyme, provide some insight into the effect of PLP on the

association equilibrium between monomer and dimer and the

folding process of this PLP enzyme. Furthermore, the

association/dissociation process and the urea-induced folding'5

pathway of cystalysin have been compared with those
recently reported foE. coli MalY (9), a PLP-dependentfz

Sy lyase member of the type | fold family of PLP enzymes.
Cystalysin and MalY have a very low degree of sequence
similarity but bear a significant structural resemblance.

EXPERIMENTAL PROCEDURES

Materials PLP, ureaf-chloroi-alanine, NADH, lactate

Biochemistry, Vol. 45, No. 47, 20064141

formation fromg-chloro-.-alanine by a spectrophotometric
assay coupled with the NADH-dependent lactate dehydro-
genase J). In the experiments designed to determine the
effect of various concentrations of urea on lyase activity of
cystalysin, pyruvate production froffiichloro+-alanine was
measured by an assay based on measuring the dinitrophe-
nylhydrazine derivative of pyruvate, as reported previously
(12, 13).

Fluorescence Spectroscapill fluorescence measure-
ments were performed by using a 1-mL cell in a Jasco FP-
750 instrument equipped with a thermostated cell holder.
Tryptophan emission spectra were taken from 300 to 550
nm using an excitation wavelength of 281 nm, and 5 nm
excitation and emission bandwidths. Steady-state fluores-
cence measurements were performed at°@5at 1 uM
protein concentration. Each spectrum was corrected by
subtracting the emission of the buffer at the same urea
concentration. For ANS binding experiments, cystalysin at
1 uM concentration was first equilibrated at the desired urea
concentration overnight at 28C. Then a stock solution of
ANS was added to a final concentration of M and
incubated at 25C for 1 h. The excitation wavelength was
365 nm, and the emission was recorded from 400 to 560
nm. The values were normalized by subtracting the baseline
recorded for the probe alone under identical conditions. To
determine the emission maximum position, fluorescence
pectra were processed by Jasco software.

CD Measurement<CD spectra were recorded on a Jasco
J-710 spectropolarimeter equipped with a constant temper-
ature cell holder. Conformational changes in the secondary
structure of cystalysin were monitored in the region between
210 and 260 nm, and the path length was 0.1 cm, while
changes in the tertiary structure were observed in a cuvette
with a path length of 1 cm in the near-UV region (26820
nm). The release of PLP from holocystalysin was monitored
by the decrease in the CD signal at 418 nm with increasing

dehydrogenase, dithiothreitol, and glutaraldehyde were ob-yrea concentrations. Protein concentration in all CD mea-

tained from Sigma. 8-Anilino-1-naphtalenesulphonic acid
(ANS) was purchased from Molecular Probes. All other
chemical probes were of the highest purity available.
Expression and Purification of Cystalysi@loning, ex-
pression, and purification of cystalysin were carried out as
described earlierd). Apocystalysin was prepared as previ-
ously described3). The enzyme concentration was deter-
mined using the molar absorption coefficient = 1.27 x
10° M~tcm™t at 281 nm B8). The PLP content of holocys-
talysin was determined by releasing the coenzyme in 0.1 M
NaOH and by usingy = 6600 Mt cm™tat 388 nm (0).
Urea Denaturation Cystalysin in the holo or apo form (1
uM) was dissolved in potassium phosphate buffer (20 mM,

surements was AM. For each sample, three spectra were
recorded at a scan speed of 50 nm/min with a bandwidth of
2 nm and averaged automatically. Spectra were corrected
by subtracting the contribution of the solvent with the same
denaturant concentration. The secondary structure content
of cystalysin was determined by the neural net deconvolution
procedure of Bom et al. (4) using a set of 33 proteins.
Size-Exclusion Chromatographihe oligomeric state and
the hydrodynamic dimensions of holo and apocystalysin, in
the absence or presence of varying urea concentrations, were
determined by comparing elution volumes to a set of
molecular weight standards of known Stokes radRe on
a Superdex 200 10/300 GL column equilibrated and run with

pH 7.4) in the absence or presence of increasing concentraa potassium phosphate buffer (20 mM, pH 7.4) containing

tions of urea and incubated for 15 h at 26 before the

the desired urea concentration. AKBA FPLC system (GE

measurements were made. The actual urea concentration walslealthcare) was used. A volume of 200 of the standard

checked using refractive index datal). The unfolding

equilibrium of holo and apocystalysin was determined by
following the changes in structural and functional signals as
detailed below. To establish the time required to reach

mixture or 1uM cystalysin solution, after incubation at the
desired urea concentration for 15 h at 45, was loaded
onto the column and run at 2% with a flow rate of 0.2
mL/min and detection at 280 nm. Each sample was injected

equilibrium, the enzyme properties at any urea concentrationin triplicate, and the elution volum&/§ was identified using
were measured as a function of time until no further changesthe software Unicorn 5.01 (Amersham Biosciences). Ac-

were observed.
Enzymatic Actiity. During the purification of cystalysin,
enzymatic activity was determined by measuring pyruvate

cording to the method of Uverskyl®), a calibration curve

was generated by measuring ¥eand plotting the migration

rate (1000V¥,) versusRs for each protein standard in native
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forms a 0 M urea and in their unfolded forms & M urea.
The data on the entire set fit to the following expression

1000N, = (0.732+ 0.022Rs + (43.6+ 1.1)

from which the experimentad®s values of holo and apocys-
talysin in their native, partially unfolded and unfolded states
were determined.

The monomerdimer dissociation constant of cystalysin
was estimated using the method of Manning et &b).(
Briefly, a stock solution of cystalysin was dissolved in 20
mM potassium phosphate buffer at pH 7.4 to different protein
concentrations. Each mixture was incubated at@5or 2
h (a sufficient time to reach the equilibrium between

Cellini et al.

it permits the observation and characterization of the amide
and indole resonances under denaturing conditions. Samples
contained 50uM sodium 4,4-dimethyl-4-silapentane-1-
sulfonate as the internal chemical shift reference and were
buffered by 20 mM potassium phosphate at pH* 7.4 (where
pH* stands for the pH meter reading in,® uncorrected

for the deuterium isotope effect). Deuterated urea was
prepared by repeated exchange/lyophilization of ureafd.D
The concentration of urea stock solutions was determined
by refractive index 11).

In one experiment, three samples containing 0, 4, and 8
M urea were incubated at 2& overnight (15-18 h) before
recording their NMR spectra (400 transients per spectrum).
In a second experiment, a series of 18 spectra (one spectrum

monomer and dimer) and then loaded onto a Superdex 200per hour; 256 transients per spectrum) were recorded on a

10/30 GL column equilibrated with the same buffer. Elution

sample of holocystalysin dissolved 8 M urea. The final

volumes have been analyzed in terms of the average pealcystalysin concentration was 1081 in the first experiment

concentration, which is calculated as (sample volume)

and 175uM in the second experiment. All spectra were

(sample concentration)/(peak volume), where the total peakrecorded at 25.0C. Presaturation was used to suppress the

volume is estimated to be equivalent to the volume at half-
peak height.

Dynamic Light-Scattering (DLS) Measuremer@amples
were prepared at a final cystalysin concentration giLin

residual HO signal. The data were Fourier-transformed and
analyzed using the supplied Bruker software.

Refolding of CystalysinFor the kinetic determination of
the renaturation, holocystalysin was first denatured in 8 M

a potassium phosphate buffer at pH 7.4 in the absence orurea in 20 mM potassium phosphate buffer at pH 7.4 at 25
presence of various concentrations of urea. Each protein°C for 15 h. The denatured enzyme was 100-fold diluted
sample was prepared by diluting a stock solution, and afterinto the same buffer without the denaturant containing 0.5

incubation for 15 h at 28C, a 500uL-volume disposable
cuvette (12.5 mmx 12.5 mmx 45 mm) with 1 cm light

mM dithiothreitol. At various times, aliquots were removed
for enzyme activity assays. To follow reactivation after

path was used. Data were obtained with a Zetasizer Nano Streatment at different concentrations of urea, the protein (1

DLS instrument (Malvern Instruments Ltd., Worcestershire,
U.K.), setting the appropriate viscosity and refractive index

or 5 uM) was incubated at the indicated concentration of
denaturant for 15 h at 2%C, and then it was diluted 100-

parameters for each solution and keeping the temperature afold into the buffer without urea. Alternatively, refolding was
25 °C during the measurements by means of a Peltier performed by extensive dialysis of the urea-treated holo or

thermostating system. The buffer was filtered immediately
before use to eliminate any impurities.

Cross-Linking Experiments Using Glutaraldehyd&ys-
talysin (1uM) was incubated at the desired concentration
of urea for 15 h at 25C. Glutaraldehyde was added to a

apocystalysin against 20 mM potassium phosphate buffer at
pH 7.4, containing 0.5 mM dithiothreitol, with or without
100uM PLP.

Calculation of Accessible Surface Areddie accessible
surface area (ASA) buried upon dimerization was calculated

final concentration of 1%. The samples are incubated at 25with the program NACCESSL{), which makes use of the

°C for 5 min followed by quenching the cross-linking
reaction by the addition of 200 mM sodium borohydride.
After 20 min of incubation, 3:L of ag. 10% (v/v) sodium

algorithm by Lee and Richard4§), whereby a probe of
given radius is rolled around the surface of the molecule,
and the path traced out by its center is the accessible surface.

deoxycholate was added. The protein was precipitated by The crystal structure of cystalysin frofreponema denticola

the addition of orthophosphoric acid so as to bring the pH

(pdb code: 1C7N)5) with a probe radius of 1.4 A and a

to 2—2.5. The sample was centrifuged, and the pellet was slice width of 0.1 A was used for the calculation. To estimate
suspended in sample buffer for analysis on SIPAGE the variation in solvent accessible surface afe®3A during
(7.5% polyacrylamide). The cross-linking reaction in native complex formation, the total polar and nonpolar surface areas
conditions resulted in a cross-linked dimer in addition to a of the monomeric and dimeric states were calculated. The
detectable amount of uncross-linked monomer and minimal identity of the residues forming the interface and the change
traces of higher order cross-linked products. Bands werein total polar or nonpolar accessible surface areas was then
visualized after staining with Coomassie Blue, and their determined by subtracting t2eASAin the dimeric state from
intensities were analyzed using ImageJ quantitation softwarethat for the monomeric state for each residue. A residue was

(Wayne Rasband, NIH, Bethesda, MD).

NMR Spectroscopyne-dimensionaiH NMR spectra of
holocystalysin dissolved in 0, 4, 8 M urea and apocys-
talysin dissolved in O ath 8 M urea were recorded on a
Bruker 600 MHz AMX spectrometer equipped with a

considered to form part of the interface whenAtASAwas

>1 A2 (19). Hydrogen bonds were calculated using the
program HBPLUS 20). Salt bridges have been calculated
using the 4.0 A cutoffZ1). The volume of the gaps between
interacting subunits was calculated using a program SUR-

cryoprobe for increased sensitivity. Although the urea and FNET (22).

buffer solutions were prepared in,O to reduce the D

Phase Diagram MethadThe use of phase diagrams to

solvent resonance, the D/H ratio in the final sample was aboutdetect folding intermediates was generalized by Kuznetsova

5:1 because of the presence oftHin the cystalysin stock
solution. The presence of some®is advantageous because

et al. 23) to any extensive parameter. The essence of this
approach, applied to our fluorescence data, is to plot a
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diagram ofl;; versusl;,, wherel;; andl;, are the fluores-  cross-linking) sensitive to the various structural levels of the
cence intensity values measured at wavelengihandA2, protein. All experiments were performed atuM protein
respectively, under the different experimental conditions for concentration except for NMR analysis, which requires a
a protein undergoing structural transformations. With regard higher protein concentration.
to protein unfolding, it is possible to derive a relationship  HolocystalysinAs previously reported3), holocystalysin
betweenl;; andl;», predicting that the dependenige= f(l,2) exhibits an emission spectrum (exc. at 281 nm) centered at
will be linear if changes in protein environment lead to the 336 nm and a near-UV CD spectrum characterized by a
all-or-none transition between two different conformations. negative dichroic band at 28296 nm. Far-UV CD spectra
Data Analysis The analysis of the equilibrium unfolding  of native holocystalysin indicate a composition of secondary

curves corresponding to a two-state model €NU) was structure elements that is in good agreement with that
performed according to eq 1 evaluated from crystallographic data. In the presence of
increasing concentrations of urea, a red shift of the fluores-

Yy T+ YUe_m(C"‘_C)’ RT cence emission band and a decrease of the 288 nm CD signal
= 1+ & MG ORT 1) (Figure 2A) (both reporting the microenvironment of the side

chain aromatic rings) as well as a progressive loss of the

whereY is the observed variable parametég, andYy are  far-UV CD signal at 222 nm (Figure 2B) (which reflects a
the values characteristic of the native (N) and fully unfolded l0ss of helical structure) were observed. Typical unfolding
(U) conformations, respectivelg denotes the urea concen- profiles for holocystalysin as monitored by emission maxi-
tration, Cp, is the midpoint of urea required for unfolding, Mum fluorescence (exc. at 281 nm), near-, and far-UV CD
andm stands for the slope of the unfolding curveGt. are shown in Figure 2C. It should be noted that the emission
The urea-unfolding curves corresponding to a three-stateintensity of the holoenzyme remains a_llmost invariant over
denaturation pathway (N* | = U, where | is the intermedi- the entire range of urea concentrations examined. This

ate state) or a four-state denaturation pathway<N < I behavior was likely due to a cancellation of two opposing
< U) were analyzed using eq 2 or 3, respectively: effects: the decreased energy transfer from tryptophan to
PLP (which increases tryptophan’s emission) and the in-

Yy_[urea]” Y,_ [urea]” creased quenching of tryptophan by the solvent as this

=0 1 s 5 (2) aromatic residue becomes more exposed (this effect decreases
Chu + [urea]”  C, + [urea] emission). Although the curves reported in Figure 2C are
not exactly coincidental, all three of them describe a two-
Yy [urea]t Y, _ [urea]® Y, _[urea]® state process with a midpoint of transition e# M urea

=4 1 o > 3 3 (Table 1). The urea-induced unfolding of the enzyme was

Cmi+ [urea]™  Cpp+ [ureal™  Cps+ [urea] also monitored by visible CD and enzymatic activity experi-

ments. The internal aldimine of cystalysin exhibited an

in which Cpy, Cmz, andCps are the midpoint concentrations ~absorption band centered at 418 nm, associated with a

and | = U (or I, = U) transitions, respectively, and and as reported in the inset of Figure 2C, the data are fit to

exponents ) n,, and n reflect the steepness of the transition & two-state model (eq 1). The midpoint of the transitiog,
between states as a function of urea concentration. occurs at~3.1 M urea (Table 1). Lyase activity of holo-
The subunit dissociation constaiiy] in apocystalysinin ~ Ccystalysin was lost via a single transition wittCa = 3.04

the absence or presence of PLP was determined accordingt 0-06 M urea (inset of Figure 2C and Table 1), coincident
to (16) the following equation: with that observed by visible CD, thus suggesting that the

loss of PLP from the enzyme results in the loss of enzymatic
%D = [(8[E] + K,) — (Kd2 + 16Kd[E])1’2]/0.08[E] activity. Because the noncoincidence of thg various unfolding
(4) curves is considered as an argument in a favor of the
. . . . intermediate state accumulation, we decided to use the
Wher_e % is the percentage of dimer or maximal specific ethod of phase diagram&3), which is a powerful tool
activity to total enzyme, and [E] represents the total for yncovering hidden intermediates. Figure 3A, representing
concentration of enzyme |n.d|mer equivalents. A p!ot oflog- 4 parametric diagram of fluorescence intensity at 320 nm
[(%D/0.04(100— %D)?)] with respect to log[E] yields a  (|,,0 versus fluorescence intensity at 365 rigad, provides
straight line of slope 1. When [(24/0.04(100— %D)?)] = evidence that holocystalysin unfolding is a complex process.
1, Kq = [E]. One can see that urea-induced unfolding of holocystalysin
RESULTS consists of at least three linear segments:202—5, and
5—-10 M urea. This reflects the existence of at least three
Equilibrium Unfolding Studies of Cystalysin: Spectro- independent transitions separating four conformational states.
scopic, Enzymatic Actity and Molecular Dimensions Ex- After detecting the existence of equilibrium intermediates,
periments Different conformational states during the urea- we next consider experimentation aimed to assess the effect
induced unfolding of cystalysin in the holo and apo forms of urea on the molecular dimensions of the holoenzyme by
have been identified using a multiparametric approach, which DLS, size-exclusion chromatography, and cross-linking stud-
involves the application of several physicochemical methods ies. These experiments were performed on holocystalysin
(absorbance, fluorescence, circular dichroism, ANS fluores- samples (1uM) in the absence or presence of various
cence, NMR, DLS, size-exclusion chromatography, and concentrations of urea. The peak at &4.3 nm observed
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Ficure 2: Urea-induced unfolding equilibrium of holocystalysin. (A) Near-UV, visible, and (B) far-UV CD spectra of holocystalysin in

the absence and presence of urea at the indicated concentrations. (C) Unfolding profiles of holocystalysin monitored by emission maximum
fluorescence (excitation at 281 nnil)( far-UV CD at 222 nm[{), and near-UV CD at 288 nma(). (Inset) Changes in enzymatic activity

(®) and in visible CD spectroscopy measured at 418 anfor holocystalysin. The solid lines represent the best fit obtained using a
two-state denaturation model (eq 1). The data shown are the means of four independent experiments; The S.E. of the mean (not shown) was
less that 5% of the mean value in every case. In all of the unfolding experiments, the protein concentratiogrMyasd the buffer was

20 mM potassium phosphate at pH 7.4.

without the denaturant (Figure 4A) is consistent with the by a significant decrease in the size-exclusion column of the
hydrodynamic diameter of holocystalysin determined by total peak area of the unfolded protein. Finally, from 5 to 8
X-ray crystallographyg). As shown in Figure 4B, the native M urea, the population of insoluble aggregates was gradually
dimer of holocystalysin elutes as a single peak from a size- converted into the soluble unfolded monomer characterized
exclusion column with a retention volume of 14.3 mL by a retention volume of 11.4 mL (corresponding to an
corresponding to an experimentd of 3.6 nm. Between 0  experimentaRs of 12 nm) and by a peak area approximately
and 5 M urea, the enzyme displays an increased hydrody-80% and 100% with respect to that of native holo and
namic diameter (up to 12.2 0.7 nm) and elutes with a  apocystalysin, respectively (see below in the apocystalysin
decreased retention volume (up to 13.5 mL, correspondingsection). DLS measurements of enzyné &/ urea reveal

to an experimentaRs of 4.2 nm). It is worth pointing out  an ensemble of species with a hydrodynamic diameter of
that these species still bind PLP, as demonstrated by HPLC72 4+ 18 nm, which can be attributed to a mixture of
analysis of the supernatant obtained by deproteinization of aggregates and an incompletely unfolded monomer. It should
the collected peaks. Additionally, the progressive generation be noted that on the basis of an empirical equation to measure
of insoluble aggregates could be observed either by thehydrodynamic radii of native and denatured proteip4),(
appearance in DLS experiments of enzymatic species withthe calculated hydrodynamic diameter of the native dimer
a hydrodynamic diameter ranging from 140 to 200 nm or and fully denatured monomer of cystalysin was found to be
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Rs measured either by DLS or size-exclusion chromatogra-
phy, except in urea concentration range where aggregates
appear. Glutaraldehyde cross-linking experiments at different

Table 1: Cy,, Values for Urea-Induced Unfolding Holo and
Apocystalysin Monitored by Various Signals at an Enzyme
Concentration of JuM?

holoenzyme apoenzyme urea concentrations were performed to follow the denatur-
probe (M) (M) ation profile of holocystalysin. At low denaturant concentra-
enzymatic activity 3.04- 0.06 1.1+ 0.1 tions (0-3 M urea), there is no significant decrease in the
2.104+0.02 relative population of dimer to monomer, indicating the
CD visible 3.194 0.06 absence of a monomeric intermediate. Moreover, from 3 to
tryptophan fluorescence 5 M urea, very large aggregates appear. At high denaturant
emission maximum 4203 2954 0.02 concentration after complef[e unfolding (8 M urea), qnly
3.95+ 0.04 monomers were detected (Figure 4C). The midpoint of dimer
o . dissociation is 3.9+ 0.1 M; this is consistent with the
relative intensity 1.1#0.1 . . . : .
2.20+ 0.02 midpoints for dimer unfolding obtained by fluorescence
4.1+0.1 spectroscopy and circular dichroism. Although the results
hear UV CD 3.8+ 0.1 2104 0.02 are somewhat noisy, given the nature of the method, it is
far UV CD 42404 3.954 0.04 clear that dissociation does not precede unfolding.

In an attempt to establish whether hydrophobic interactions
are involved in the formation of aggregated species, the effect
>pf urea-induced changes in holocystalysin on the exposure
of buried hydrophobic clusters was studied by using the

hydrophobic fluorescent probe ANS. The binding of this
probe to solvent-accessible clusters of nonpolar side chains
in proteins results in a marked increase in fluorescence
accompanied by a blue-shift in its emission fluorescence
spectrum. Upon the addition of native holocystalysin to ANS,
the fluorescence is characterized by an emission maximum
at 497 nm and a slight increase of emission intensity. No
significant changes of the ANS emission intensity over the
0—10 M urea range have been observed. However, a shift
of the emission maximum begins 4 M urea, reaching the
same valuetz6 M as if holocystalysin were not present (data
not shown). These data suggest that no hydrophobic patches
become exposed during urea-induced unfolding of holocys-
talysin.

NMR spectroscopy was also used to monitor the unfolding
pathway of holocystalysin. The 1BH NMR spectrum of
cystalysin h O M urea after overnight incubation at 26
shows broad resonances typical of a large folded protein
(Figure 5A). Several signals appear in the upfield region (0.1
to —1.5 ppm) of the spectrum (Figure 5A, inset). Such signals
typically arise from methyl and methylene protons stacked
on aromatic groups in the folded protein ca2&)( The broad
signals appearing from 8 to 10.5 ppm are due to amide and
indole protons.

After overnight incubation at 25C, the sample of
cystalysin dissolvechi4 M urea appeared somewhat cloudy.
After centrifuging the sample, a white deposit appeared in
the bottom of the tube, and the protein solution was a clear
yellow color. The whiteness of the deposit suggests that it
is formed by aggregates of apocystalysin (see below). The
solution remained clear during and after the recording of the
NMR spectrum. The NMR spectrum of the sample in 4 M
urea is similar to thati 0 M urea in thexH andSH regions
(4.5 to 2.0 ppm) (Figure 5B). More differences are seen

Ficure 3: Phase diagram representing urea-induced unfolding of helow 1 ppm; although the upfield signals persist, they are

(A) holo and (B) apocystalysin. Filled and open symbols correspond ; ;
to two independent sets of experiments. Each straight line representsWeaker and broader, and the signal at 0.9 ppm assignable to

an all-or-none transition between two conformers. |4 and U unfolded —CH,— and —CHs; groups shows a slightly
represent native, intermediate 1, intermediate 2, and unfolded increased intensity relative to the spectrum recorded in 0 M

species, respectively. The denaturant concentration values areurea. Additional changes are observed in the aromatic region

a A single value ofC, resulted from fitting data to a two-state process
(eq 1), twoCp, values and thre€, values resulted from fitting data to
a three-state process (eq 2) or a four-state process (eq 3), respectivel
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10.84+ 3.3 and 13.4t 6.8 nm, respectively. Taken together,

of the spectrum (6.5 to 8.0 ppm).
The spectrum recorded 30 min after dissolving the protein

these data indicate a good agreement between experimenteéh 8 M urea reveals sharp resonances associated with a
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Ficure 4: Urea-induced changes in molecular dimension of holocystalysin. (A) Size distribution from DLS and (B) chromatographic
profiles on the Superdex 200 HR/30 column of holocystalysin at the indicated urea concentrations. (C) Glutaraldehyde cross-linking of
holocystalysin. Ratios of band intensities obtained from SBAGE corresponding to the chemically cross-linked dimer relative to the
monomer are plotted at increasing urea concentrations. Both monomer and dimer bands are present under native conditions because of
incomplete cross-linking. In all cases, the protein concentration wad,land the buffer was as reported in the legend for Figure 2.

thoroughly denatured protein (Figure 5C). The majority of  ApocystalysinEquilibrium studies of urea-induced unfold-
the —CH,— and —CHjs protons are observed to resonate in ing of apocystalysin were also performed. The far-UV CD
sharp peaks near 0.9 ppm, and all of the upfield signals (0.1spectrum of native apocystalysin is identical to that of
to —1.5 ppm) have disappeared. The lone remaining signal holocystalysin, thus suggesting a similar secondary structure
at 0.00 ppm is due to the chemical shift standard. The composition. Although native apocystalysin displays an
aromatic,oH, and fH regions of the spectrum are also emission maximumima—= 336 nm) of intrinsic fluorescence
characteristic of an unfolded protein. The amide signals haveequal to that of holocystalysin, its tryptophan emission
also collapsed into a narrow zone (8.0 to 8.7 ppm), and theintensity is higher {3-fold) compared to that of the
indole protons resonances are also clustered together at 10.@oloenzyme, given the absence of energy transfer to the
to 10.2 ppm (Figure 5C, inset). The amide and indole signals coenzyme. With respect to the native holoenzyme, apocys-
indicate that the hydrogen-bonding network of the protein’s talysin exhibits a decrease of negative dichroic bands of
secondary structure has broken down after 30 min in 8 M 288-296 nm and an increase of the positive band at 275
urea and that the Trp side chains are unfolded and solvent-nm (6). The unfolding of apocystalysin by urea was first
exposed. A preliminary spectrum recorded after only 10 min investigated by CD spectroscopy at 222 and 288 nm as well
in 8 M urea before the instrument was fully shimmed also as by tryptophan fluorescence. Treatment with urea of
reveals characteristics of a thoroughly unfolded protein (data apocystalysin causes a decrease of the CD signal at 222 nm
not shown). A series of spectra were recorded overnight (oneas the concentration of urea was increased and changes both
per hour) on the same sample, and the last one is shown inin the emission maximum and in the emission intensity of
Figure 5D. These spectra are essentially identical to thosetryptophan fluorescence. Figure 6A shows the unfolding
recorded after 30 min of unfolding. profiles of apocystalysin monitored by far-UV CD and the
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Ficure 5: Cystalysin unfolding monitored by NMR. All spectra were acquired at 2& in 10 mM potassium phosphate buffer, and the

pH meter reading was 7.4. The broad signal at 4.7 ppm is due to water, and the very broad signal appearing in panels B, C, and D and
centered at 5.8 ppm arises from urea. The sharp peak at 0.00 ppm (inserts in panels C and D) is due to DSS, the internal chemical shift
standard. (Panel AH NMR spectrum of holocystalysin without urea, incubated overnight. (Pan#iB)MR spectrum of holocystalysin

in 4 M urea after overnight incubation. (Panel C) Holocystalysir8iM urea. ThistH NMR spectrum was recorded 30 min after the
addition of concentrated urea. (Panel 1) NMR spectrum of holocystalysimi8 M urea after overnight incubation.

fluorescence emission maximum. These curves are consistentirst, second, and third phases, respectively (Table 1). The
with a mechanism involving an intermediate state at-25  position of the first transition was dependent on protein
M urea. The midpoint of the first and second transitions is concentration €,; = 0.65 + 0.08 M urea for 0.1uM
reported in Table 1. Different unfolding profiles for holo apoenzyme), thus suggesting that this transition is linked to
and apocystalysin are also observed by comparing theirthe dissociation of the dimeric apoenzyme. No such depen-
intrinsic emission intensity in the presence of increasing dence was observed for the second and the third transitions,
concentrations of urea. The overall process of the unfolding which are coincident with those observed for apocystalysin
of the apoenzyme was found to be triphasic, and an by fluorescence emission maximum and far-UvV CD mea-
intermediate state, more populated atM than at 0.1uM surements. At urea concentrations higher than 5 M, the
enzyme, appeared to be stable~88 M urea (Figure 6B). intensity and the maximum emission fluorescence as well
The transition midpoints measured gt apoenzyme were  as the ellipticity at 222 nm of holo and apoenzymes are very
at 1.1+ 0.1, 2.20+ 0.02, and 4.1+ 0.1 M urea for the similar. Although the loss of the near-UV CD signal at 288
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Ficure 6: Urea-induced unfolding equilibrium of apocystalysin. i
(A) Unfolding profiles of 1 uM apocystalysin by emission 2.0 4 M urea
maximum fluorescence (excitation at 281 n®) @nd far-Uv CD
at 222 nm M). (B) Changes in emission intensity protein fluores- 0.0
cence of 0..uM (O) and 1uM (M) apocystalysin. (Inset) Changes I
in enzymatic activity of apocystalysin (i) (H). The data shown 8.0 10.0 12.0 14.0 16.0
are the means of four independent experiments; the S.E. of the mear. ml

(not shown) was less that 5% of the mean value in every case.Ficure 7: Urea-induced changes in molecular dimension of
Solid lines represent the best fit obtained using a three-state apocystalysin. (A) Size distribution from DLS and (B) chromato-
denaturation model (eq 2), except for the profile of the emission graphic profiles on the Superdex 200 HR/30 column of apocystal-
intensity of 1uM apoenzyme for which the four-state denaturation ysin at the indicated urea concentrations. In all cases, the protein
model (eq 3) has been used. In all experiments, the buffer was asconcentration was kM, and the buffer was as reported in the
reported in the legend for Figure 2. legend for Figure 2.

nm with the increase of urea concentration could be observed,

the achievement of the near-UV unfolding profile is seriously \év:wki]sstigi i?}:gﬁ;;:dllfli%?e;gggngf ttk::nasnéoe%zo?rf:r\\:\?hderg]as
hindered because of the small signal changes and light- y P yme,

scattering effects. Nevertheless, it is worth noticing that the :Eg Zezoﬁgtgﬂnﬁﬁfrnescgsﬂg f;ivrgﬁlzsst?ﬁ;iigtogg?\ﬁgozy
288 nm signal remains almost invariant in the2 M pop

concentration range of urea, is highly scattered between 20bserved by far-Uv CD.
and 4 M urea, and reaches a value identical to that of Altogether, these data indicate the presence of intermedi-
holocystalysin under the same experimental conditions at 8ates during the urea-induced unfolding of apocystalysin. The
M urea (data not shown). The 11 NMR spectrum of 8 ﬂu_orescent phase dlz_igram reported in Figure 3B providing
M urea-treated apoenzyme shows the same features of th@vidence for the existence of at least three independent
holoenzyme under the same denaturant condition (data notransitions supports this view.
shown). Like holocystalysin, apocystalysin has a hydrodynamic
Cystalysin in the apo form is more sensitive to an increase diameter of 8.5+ 0.5 nm as detected by DLS (Figure 7A).
in denaturant concentration than cystalysin in the holo form. However, for apocystalysin (M), an increase in the
As reported in the inset of Figure 6B, the overall process retention volume to 14.6 mL (corresponding to an experi-
describing the loss of catalytic activity was found to be mentalRs of 3.4 nm) compared to 14.3 mL corresponding
biphasic. A loss of approximately 30% of the enzymatic to native holocystalysin was observed. Unexpectedly, the
activity is associated with the first transitio@{; = 1.1 + peak area of the apoenzyme-~i85% with respect to that of
0.1 M urea), whereas the remaining activity was lost through the holenzyme at the same concentration. Because the 280
a steep cooperative transition with a midpoint centered at nm absorbance contribution of PLP is less than 2%, it is
2.10+ 0.02 M urea (Table 1). The first transition coincides difficult to explain the reason for peak area discrepancy
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between holo and apoenzyme. The effect of increasing urea

concentrations on the molecular size of apocystalysin has 100 o 0

been investigated. Between 0da@ M urea, the dimeric o " T

species of apoenzyme is gradually converted to a monomeric g n

species. The monomer is detected by DLS experiments at . ;

1.5 M urea as the species with a hydrodynamic diameter of & 60 -

3.3+ 0.2 nm (Figure 7A). Over this urea range, the enzyme E: ° . " s a

eluted as a single peak whose retention volume gradually 5
increases (for the interpretation of this shift, see below). In
addition, the integrated total peak area in the chromatogram o o
begins to decrease significantly, reaching a minimum value 20 o e
of about 2% relative to the native protein in the 26M o
urea range (Figure 7B). Fordgh M urea-treated apoenzyme,
DLS measurements show a peak corresponding to particles
with a size of ~220 nm (Figure 7A). When the urea T J T
. .. . . 0 2 4
concentration is increased further, the fraction of the insoluble
. [urea] (M)
aggregates was converted into the soluble unfolded monO-FIGURE 8: Reactivation yield of holo and apocystalysin by dilution
meric form, as made ewgient b_y thg recovery of the total Holocystalysin, 1M (CJ) or 5 «M (M), and apocystalysin, &M
area of the peak eluted with a significantly reduced volume (o) or'5 ,M (@), were denatured for 15 h in various concentrations
(11.4 mL, a value identical to that of holocystalysin under of urea as indicated on theaxis. Refolding was induced by 100-
the same experimental conditions) (Figure 7B). Glutaralde- fold dilution. The activity data are expressed as the percentage of
hyde cross-nking experiments of apocystalysnatdiferent 350 1 Sonespondng holo i spesyies et fve
urea concen_tratlons show a decrease n .the. dlmer-to—ln all experiments, the buffer was as reportrt)ad in the legend for
monomer ratio between 0 dn2 M urea, indicating the  Figyre 2.
formation of a monomeric intermediate. Only large ag-
gregates are detected 4 M urea. At high denaturant The presence of dithiothreitol was mandatory in the refolded
concentration (8 M), a single band corresponding to a mixture to obtain significant refolding; in its absence, just
monomeric species is observed (data not shown). 2% of activity was regained. However, following the
Upon the addition of native apocystalysin, ANS fluores- unfolding of 1 uM apocystalysin wit 8 M urea and its
cence displays an emission wavelength maximum at 485 nmrefolding by 100-fold dilution, the enzyme refolded in the
and an~6-fold increase of fluorescence emission intensity. presence of dithiothreitol only shows2% of the initial
These data suggest a significantly higher exposure of specific activity. When holo or apocystalysin were equili-
hydrophobic patches in native apocystalysin compared with brated for 15 h at 28C with different urea concentrations
that of holocystalysin. The addition of ANS to apocystalysin and then diluted to a final concentration of 10 or 50 nM
treated with increasing concentrations of urea reveals thatprotein, the yield of reactivation was strongly influenced by
(i) both the emission maximum and intensity remain the concentration of urea used (Figure 8). At urea concentra-
unchanged umt2 M urea, (i) the precipitation of apoprotein  tions below 4 M, the recovery of catalytic activity for the
occurs between 2 @n4 M urea, and (iii) the emission  holoenzyme was 88100% and not significantly dependent
maximum gradually increases, reaching the same value asn protein concentration. Instead, partial reversibility, which
that of the probe alonei8 M urea. increases at higher protein concentration, was observed in
Changes in the composition of the secondary structure of holoenzyme samples at higher urea concentrations (4).
1 uM apocystalysin in the presencé 8 M urea, where It is also apparent, however, from Figure 8 that at urea
aggregates are predominant, were monitored kinetically by concentrations above 3 M, the efficiency of renaturation for
recording and analyzing a series of far-UV CD spectra. On the apoenzyme is very low and independent of protein
the basis of CD data, the native apoenzyme exhibits aconcentration, whereas below 3 M, the renaturation yield
composition of secondary structure elements similar to that reaches 20 and 60% at 10 and 50 nM protein concentration,
of the holoenzyme. With time, a remarkable lossudielical respectively. Taken together, these data suggest that at least
secondary structure and a concomitant enrichmenf; of at the samples conditions used for these experiments, the
structure could be observed. No significant changes in therefolding equilibrium in the concentration range & M urea
amount of random coil were seen. The observed changes in(holoenzyme) and-63 M urea (apoenzyme) is governed by
both helix andg structure contents show first-order rate a reassociation step. Therefore, we decided to investigate
constants of approximately 4 h(data not shown). This the dissociation/association process of cystalysin.
indicates that am-helix to S-sheet conformational change Holocystalysin eluted from gel filtration as a single peak
is associated with apocystalysin aggregation. with an elution volume corresponding to a dimer. The elution
Refolding Studies and AssociaiBehaior of Cystalysin. volume remains unchanged when the concentration was in
The refolding efficiency of holo and apocystalysin was the range 0.230uM. On the contrary, over the same range,
studied kinetically by monitoring the time courses of changes apocystalysin eluted as a single peak, whose position varied
in enzymatic activity following a 100-fold dilution of urea- between the dimeric and monomeric enzyme. At higher
treated proteins. Starting from the fully denatured holoen- concentrations, the peak position of apocystalysin was closer
zyme (luM at 8 M urea), the rate of recovery of enzyme to that of the dimeric enzyme, whereas at lower concentra-
activity was considerably slow, taking about 15 h to reach tions, it was closer to the monomer position. All elution
the final value corresponding te40% of the initial activity. profiles had comparable shapes, representing a mixture of
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24 concentration of 50 nM and roughly corresponds to the
percentage of dimeric species found in the refolded species.
Moreover, the total peak area in the chromatograms decreases
for holocystalysin refolded after denaturation at urea con-
centrations of 3 ath4 M urea to about 80% of that measured
for the untreated holoenzyme. These results clearly indicate
the presence of insoluble aggregates in these refolded
solutions.

When the refolding reaction was performed in the absence
of the coenzyme (apocystalysin), we found a lower recovery
of the soluble protein in the-28 M urea range than that
observed for the refolded holoenzyme. The lowest recovery
occurs &3 M urea. Size-exclusion chromatography indicates
that the soluble refolded species consists of two peaks whose

-2 -1 0 1 2 3 retention volumes correspond to the dimer and monomer,
Log [enzyme] (uM) with the monomer being more abundanfavl urea than at

Ficure 9: Dimer-monomerKy values of apocystalysin in the  higher urea concentrations. Considering that the above-
absence or presence of PL®)( percentage of the dimer to total reported experiments have indicated a rapid monosmer

apocystalysin orl), maximal specific activity measured upon the . S . .
additon of 100uM PLP to apocystalysin as a function of enzyme dimer equilibrium under native conditions, the presence of

concentration. The procedures are described in the text. The solidfWo peaks in the refolded solutions is diagnostic of a slow
lines represent the best fit obtained using eq 4. In all experiments, monomer-dimer interconversion. Because the coenzyme is

the buffer was as reported in the legend for Figure 2. required for the enzyme to show activity, the regain of

. ) ) o i . activity by apocystalysin was compared with that of the
monomeric and dlme_rlc apocystalysin in rapld_ equmbrlum._ refolded species of apoenzyme upon addition of PLP. It is
The percentage of dimer present can be estimated readilyapparent from Figure 10 that after incubation of the refolded
from the elution position of the peak relative to the elution ¢4 tions with PLP (10@M), the peak corresponding to the
volumes for the monomer and dimer. A plot of the percent monomer when it is present is converted to a dimeric species.
apocystalysin dimer as a function of apocystalysin concentra-Tpe integrated areas for the dimer, expressed as the percent-

tion gave a hyperbolic-like curve. Figure 9 shows a linear 46 of the area of the untreated enzyme, are within the limits
transformation of these data, whose abscissa intercept yieldsyt ihe experimental errors consistent with the percentage of
the dimer-monomer dissociation constag = 0.37+ 0.08 the enzymatic activity of the sample.

# As expected, when the lyase activity of cystalysin was The significance oin u|tro.reflold|ng experiments d_epends
measured at saturatirgychloro+-alanine concentration as to some extent on ESt’?‘bl'Sh'ng that the properties of _the
a function of enzyme concentration (ranging from 0.01 to 1 refolded protein are equivalent to those of th? on_gm_al natl_ve
4M) a ke value of ~44 s (3) was found at all enzyme enzyme. To compare rengtured holocystalysin with its _natlve
enzyme, the renatured dimer was collected. The profiles of

concentrations tested. The sakyg value is obtained when h > q q _ had |
apocystalysin was diluted to a final concentration ranging fhe native and renaiured enzymes in a Sep adex 200 ge
filtration chromatography column were identical. Further-

from 0.01 to 1uM in a buffer solution containing 1006M o :
PLP. On the contrary, if PLP is added to diluted solutions MOre. there are no significant differences between the
of apocystalysin, thés values of apocystalysin measured fluorescence and CD properties of the native and reassociated

in the presence of exogenous PLP (10B1) exhibit a dim_ers (dqta not shown). This implies_the r_estoration of the
hyperbolic-like curve as a function of protein concentration. Nativeé énvironment around the aromatic residues and the full
The dissociation constark{), determined by a loglog plot acquisition of the native secondary structure.

of enzyme concentration (as dimer) versus perkgr{Figure

9), was found to be 0.08% 0.03uM, ~4-fold lower than DISCUSSION

that determined in the absence of PLP.

Taken together, these data indicate that (1) the association Folding Pathways of Cystalysin in the Holo and Apo
of monomers to form active dimers is a rapid process and Forms. The simplest mechanism that accounts for all
that (2) the binding of the coenzyme decreases the equilib-experimental observations on urea-unfolding oflenticola
rium dissociation constant of the enzyme. Moreover, ihis  cystalysin in the holo form is depicted in Scheme 1. The
value serves as the basis to understand why the reactivatiorurea-induced unfolding of holocystalysin is a multistep
of cystalysin is more efficient at 50 nM compared to that at process yielding detectable intermediates, whose formation
10 nM; namely, the formation of the dimer is favored at the is evidenced by the following points: (i) unfolding curves
higher concentration. This effect is, of course, more pro- monitored by far--UV CD, near-UV CD, and fluorescence
nounced for apo than for holocystalysin. do not coincide with the curves detected by activity and

To minimize effects due to dimer dissociation, the refold- visible CD, (ii) upper field NMR signals are broadened at 4
ing of 1 uM inactivated holo and apocystalysin was M urea, even if this effect could be also due to the higher
performed by extensive dialysis to remove urea. As shown viscosity d 4 M urea relative to buffer without urea, (iii)
in Figure 10, the recovery of activity of holocystalysin by protein tends to aggregatet @ M urea, and (iv) the
dialysis is slightly higher than that previously observed for hydrodynamics dimension gradually increases up to 5 M.
the holoenzyme refolded by dilution to a final protein This issue is also addressed by the phase diagram, revealing

Log [( %D/ 0.04 (100 - DY))]
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Ficure 10: Refolding yield of holo and apocystalysin by dialysis. Holo and apocystalygiMjiwere denatured for 15 h at the indicated

urea concentrations and then subjected to an extensive dialysis against 20 mM potassium phosphate buffer at pH 7.4, containing 0.5 mM
dithiothreitol, in the presence or absence of PLP, respectively. Samples are assayed either for their enzymatic activity or for their obigomerizati
state by gel filtration on a size-exclusion column. The histograms represent the percentage of enzymatic activity or soluble protein with
respect to those of holo and apoenzymes treated under the same experimental conditions but in the absence of denaturant. Data shown are
means of three independent experiments; the standard deviation from the mean was less than 10% in all cases.

Scheme 1: Folding Pathway of Holo and Apocystalysin charge electrostatic characté),(it can be suggested that
P HoLo the small fraction of ANS binding may be due to the ability
of ANS to bind to cationic groups of the proteigg). The
@ orip subsequent event is the concomitant dissociation of ag-
0-3 Murea D / gregates and complete denaturation producing an extended
+ fully unfolded monomeric species. The absence of protein

concentration dependence in this step arises from the very
high degree of structural destabilization required to produce
monomerization so that no intermediate states having
spectroscopic properties significantly different from those

Cu~10M Cu~20M of the native dimer or the unfolded monomer are populated
at equilibrium.
D, M, APO For apocystalysin, a pathway of urea-induced unfolding

aD, and D, indicate the dimeric native and the extended conforma- invo_lving intermediates .deteCted on the basis of uniolding
tion of holocystalysin, respectively; and M, indicate the dimeric  Profiles, and a phase diagram could be proposed (Scheme
native apoenzymes and the apomonomer, respectively; and IAggl). The emission fluorescence intensity of apocystalysin
represents the insoluble oligomers and U the unfolded monomer. displays a first transition with a midpoint ef1.1 M urea,

which is protein concentration dependent. This transition,

the presence of two intermediates. The first step, occurring coincident with that involving a partial loss of enzymatic
over the 6-6 M urea range, is associated with the release of activity, is not accompanied either by a shift in the emission
PLP, complete inactivation, and the loss of a large portion maximum fluorescence or by a change in the far-Uv CD
of the tertiary and secondary structures. The progressive losssignal and entails monomerization. Thus, unlike for holo-
of coenzyme causes an equilibrium mixture of essentially cystalysin, the dissociation of folded fully active dimer of
the dimer and higher oligomers. The dimer adopts a partially apocystalysin occurs at low urea concentration. The mono-
unfolded and greatly expanded conformation, possibly due meric species retains almost all of the native secondary and
to the loosening of the interface interactions. Cross-linking tertiary structures but is characterized by a small conforma-
experiments indicate that aggregation occurs via a transienttional change, possibly confined to the active site. Following
apomonomer intermediate. The formation of aggregates ismonomerization, a transition takes place leading to an
in general consequent to the exposure of sticky surfaceequilibrium unfolding intermediate stabilized-aB M urea,
hydrophobic sites/patches. However, the unfolding of holo- which retains~45% of the native CD signal and40% of
cystalysin causes no detectable change in the fluorescence¢he native fluorescence. The structure of this intermediate
emission intensity of ANS over the entire range of denaturant consists of insoluble aggregates of high molecular weight,
tested, ruling out that additional hydrophobic clusters become which, on the basis of kinetic unfolding CD data, are
superficial as the urea concentration increases. Consideringcharacterized by a higher contentétructure with respect
that the surface of cystalysin is endowed with a high positive to the native enzyme. Thus, intermolecular contacts giving
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Table 2: Comparison between Monomer Interfaces of Cystalysin
and MalY

cystalysin MalY
interface accessible surface ared)(A  1905.61 1753.96
% interface accessible surface area 11.23 11.68
% polar atoms in interface 31.23 30.55
% non-polar atoms in interface 68.77 69.40
hydrogen bonds 16 16
salt bridges 0 0
disulphide bonds 0 0
gap volume (&) 10835.91 7674.94
bridging water molecules 0 8

rise to aggregates could involyesheet-like interactions.
Interestingly, an increase [f-sheet structure accompanies
the formation of amyloid, a conformational state implicated
in over 20 fatal human disease27( 28). Hydrophobic
interactions could be responsible for the propensity of the
partially unfolded monomer to self-associate. This is also
expected, considering the computed highly hydrophobic
nature of the subunit interface (Table 2). In fact, the value
of accessible surface areas34s), which become exposed
upon dissociation, corresponds+d 1% of the total protein
surface area, and the large fraction6@%) of the surface

Cellini et al.

of the enzyme is in the aggregate form. Efficient reactivation
of the unfolded enzyme can be achieved only before
aggregation. These data, together with the formation of
insoluble aggregates during refolding, indicate that under
these experimental conditions, enzyme reactivation is mostly
limited by an aggregation step. Moreover, the finding that
PLP enhances the yield of properly active enzyme suggests
that the binding of the coenzyme favors proper folding and
association by inhibiting the aggregation of the refolded
enzyme with the incompletely or incorrectly folded protein.
The possibility that PLP could bind to a monomeric
intermediate during the refolding process could be taken into
consideration. Although a rapid mononrerdimer equilib-
rium was observed for apocystalysin under native conditions,
a slow monomerdimer interconversion was noted during
refolding. It is possible that a monomeric species arising
during refolding and possessing a distorted conformation of
the PLP pocket can slowly assemble to a dimer. The slow
cis < trans isomerization of proline peptide bonds has been
found to greatly slow the refolding of many proteir9).

In this regard, it is of interest that thregs-proline peptide
bonds (Thr126-Prol21, Serl72Prol73, and Asnl?5
Prol176) are close to each other and to the PLP-binding site.

becoming accessible is represented by hydrophobic residuesNotably, Herold and Leistler30) have proposed that PLP

However, the addition of ANS to apocystalysin does not lead binds to a monomeric folding intermediate in aspartate
to any ANS-bound intermediate over the entire urea range aminotransferase frof. coli. However, considering that the
but causes an immediate precipitation of the protein betweencoenzyme-binding cleft of native cystalysin is composed of
2 and 4 M urea. The inability of the monomeric intermediate residues belonging to adjacent subunits, it cannot be ruled
to bind ANS may be explained by an occlusion of the ANS out that a dimerization step precedes the genesis of PLP-
binding sites because of intermolecular contacts within the binding capability. Severah vitro refolding studies have
aggregating material. Binding of ANS to the positive charges shown that for other PLP-dependent enzymes, such as the

on the surfaces of aggregates could decrease the electrostatjé, subunit of tryptophan synthas&1) and the cytosolic
repulsion between oligomers, leading to further aggregation aspartate aminotransferasg?), the coenzyme favors the

and protein precipitation2).
A typical strategy to induce refolding of proteins in good

reactivation. It should be pointed out that the association of
monomers and the stabilization of the native dimer by

yield and avoid aggregation phenomena consists of a quickcoenzyme binding may constitute an additional pathway to

dilution of the unfolded protein. However, when this method
was applied to cystalysin, we observed that the dilution of
inactivated holo or apoenzyme to a final protein concentration

the folded dimer, thereby minimizing misfolding and mis-
assembly.
How Do the Dimerization and the Equilibrium Folding

lower than 85 and 370 nM, respectively, leads to a dramatic Processes of Cystalysin and MalY Compafé@ associative

drop of reactivation recovery. This could be related to the
values of the equilibrium dimermonomer dissociation

behavior and the folding pathway of cystalysin can be
compared to those of MalY, another PLP-binding enzyme

constants measured in the presence or absence of PLP. Owhose denaturation has been recently investiga®d (
the basis of these observations and provided that refoldingCystalysin fromT. denticolaand MalY from E. coli are

conditionsin wvitro reflect physiological folding conditions,
it is reasonable to expect thatTh denticolathe concentra-

members of thex family and fold type | of PLP enzymes
and are characterized by a similar active site architecture.

tion of cystalysin would be in the micromolar range. Chu Their sequences are 27% identical and 48% similar, being
and Holt @) reported a concentration of holocystalysin of the major variations dispersed through their sequence. Both
0.3uM in the oral pathogen, and our results suggest that at these enzymes are catalytically active as dimers and belong

this concentration, the enzyme is predominantly dimeric.
Nevertheless, we also realize that at the optimal protein
concentration (luM), where the rate-limiting step in the
refolding does not depend maximally on the pairing of
subunits to give dimeric conformation, a partial regain of
activity from fully denatured protein (5660% in the
presence of PLP and 2B0% in its absence) was obtained.
When the unfolding of urea-treated cystalysin was followed
by extensive dialysis, the reactivation yield of both holo and

to the group of @G-Sy lyases that produce ammonium and
pyruvate. On the basis of their crystal structurgs3@) and
their catalytic properties, a common catalytic mechanism has
been proposed5( 33). Notwithstanding these similarities,
the two enzymes exhibit a difference in their association/
dissociation process. Unlike cystalysin, the monontimer
equilibrium has been found to be slow for Mal¥®)( In
addition, from previous data9), it can be deduced that
equilibrium dissociation constants for Mal Y are0.1 uM

apocystalysin was lower and higher when the protein was and <0.1 uM in the absence or presence of PLP, respec-

denatured in highX3 M) or low (<3 M) concentrations of

tively. It may be physiologically relevant that MalY persists

urea, respectively. Almost no reactivation could be observedin a dimeric structure at low protein concentrations because

for the apoenzyme denatureti3aM urea, where nearly all

it is biologically active as a dimer, either in exhibiting
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cystathionase activity or in repressing the maltose systemsuggest that PLP could bind to some early semi-structured
by forming a complex with MalT 34). The comparative  (monomeric) intermediate of cystalysin, thus possibly reduc-
analysis carried out on the subunit interface shows noing the conformational freedom of the polypeptide. This
significant differences between cystalysin and MalY, except event could be less likely for MalY because the coenzyme
for the number of bridging water molecules and the gap appears to be unable to interact with non-native protein states
volume (Table 2). Considering that the gap volume gives a and only becomes incorporated during the final steps of
measure of the complementarity of the interacting surfaces protein folding.
(35), the higher value of the equilibrium dimemonomer
dissociation constants of cystalysin compared to those of CONCLUSION
MalY could be ascribed to a lower complementariness of
the interacting surfaces for cystalysin compared to that for
MalY.

Both enzymes in the apo form seem to follow the same
unfolding pathway, including monomerization, the formation
of aggregates, and complete unfolding of monomers. The

eglt?]t\flr;ceofo; %csig?sssiﬁciﬁﬁriiIlg:ir)n\:\?hd::)ecclzr;hii ,{;ﬁ?g at low denaturant concentration without the significant loss
P y pocystaly ' of secondary and tertiary structures, whereas it takes place

although structures Qf thg seIf_—associated intermediates mightfor holocystalysin at high denaturant concentration, once the
not necessarily be identical in every detail. Although both structure is sufficiently destabilized '

these intermediates, even to a different degree, are character- . . L .
9 In addition, the dimerization and folding processesl of

ized by a higher content gf structure with respect to the _ _ .
corresponding native enzymes, the rate constant of theirdenncolacystalysm have been qompared W'.th thosesof
formation is higher for cystalysin than for MalY. Again, the coli MalY, a.CﬁtSV PLP lyase, which shares with the former
aggregates formed during the folding of apocystalysin are enzyme a S|gn|f|c§1nt struqtural re§emblance and a common
insoluble, whereas those of apoMalY are soluble. However, catalytllc mecha}nlsm. Evujencg IS prowde_d .for different
the comparison of unfolding pathways of holocystalysin and dyna_m|cs of their subun_lt dissociation/association processes,
holoMalY reveals that (i) the visible CD-detect64 is ~1.5 possibly related to the different extent of the complementarity
of their interacting surfaces. The importance of the relation-

M (9) and ~3 M urea for holoMalY and holocystalysin, ship between the role of coenzyme binding during protein
respectively, (ii) the unfolding pathways of holo and apoen- folding and the topology of its binding site in native protein

zyme were very similar at urea concentrations higher than 2 has b Iso highliahted
and 5 M for MalY and cystalysin, respectively, and (iii) as been aiso highlighted.
holoMalY loses a large portion of secondary and tertiary ACKNOWLEDGMENT

structures at concentrations of denaturant higher than the

concentration at which dimer dissociation occurs, whereas We thank Professor F. Chiti (University of Firenze, Italia)
holocystalysin undergoes a concerted process involving thefor the use of the DLS facility.
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