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ABSTRACT:

The N-succinylamino acid racemases (NSAAR) belong to

the enolase superfamily and they are large

homooctameric/hexameric species that require a divalent

metal ion for activity. We describe the structure and

stability of NSAAR from Geobacillus kaustophilus

(GkNSAAR) in the absence and in the presence of Co21

by using hydrodynamic and spectroscopic techniques. The

Co21, among other assayed divalent ions, provides the

maximal enzymatic activity at physiological pH. The

protein seems to be a tetramer with a rather elongated

shape, as shown by AU experiments; this is further

supported by the modeled structure, which keeps intact the

largest tetrameric oligomerization interfaces observed in

other homooctameric members of the family, but it does

not maintain the octameric oligomerization interfaces.

The native functional structure is mainly formed by a-

helix, as suggested by FTIR and CD deconvoluted spectra,

with similar percentages of structure to those observed in

other protomers of the enolase superfamily. At low pH, the

protein populates a molten-globule-like conformation. The

GdmCl denaturation occurs through a monomeric

intermediate, and thermal denaturation experiments

indicate a high thermostability. The presence of the

cofactor Co21 did alter slightly the secondary structure,

but it did not modify substantially the stability of the

protein. Thus, GkNSAAR is one of the few members of the

enolase family whose conformational propensities and

stability have been extensively characterized. # 2009

Wiley Periodicals, Inc. Biopolymers 91: 757–772, 2009.
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doctores extranjeros en España

Contract grant number: SB2005-0011

Biopolymers Volume 91 / Number 9 757



This article was originally published online as an accepted

preprint. The ‘‘PublishedOnline’’date corresponds to the preprint

version. You can request a copy of the preprint by emailing the

Biopolymers editorial office at biopolymers@wiley.com

INTRODUCTION

E
nantiomerically pure a-amino acids are important

products with applications in the pharmaceutical,

food, feed, and agrochemical industries1; further, non-

natural amino acids are intermediate reagents during

the synthesis of antibiotics and pesticides.2 Some L-

amino acids can be obtained on a large scale by using micro-

bial biosynthesis, but other D-enantiomeric compounds are

obtained by enzymatic synthesis from available precursors.

There are several enzymatic processes for production of

amino acids, such as the hydantoinase3 or the amidase

methods.4,5 An alternative approach uses L-acylases, which

catalyze the transformation of a mixture of N-acetyl-D,L-

amino acids into L-amino, and N-acetyl-D-amino acids. The

isolated N-acetyl-D-amino acids are racemized under drastic

conditions (high pH and temperature) and, then, returned to

the initial reaction.6 It is clear, then, that the use of an enzy-

matic racemization of the nonhydrolysed D,L-acetylamino

acids could make cheaper the whole industrial process, since

the racemization and separation steps would not be longer

required.

N-acylamino acid racemase, or N-succinylamino acid

racemase as it has also recently described7 (NSAAR), allows

the racemization of N-acetylamino acids under physiological

conditions. NSAARs belong to the enolase superfamily; they

have been isolated from several organisms,8–13 and the three-

dimensional structure of the NSAAR from Deinococcus radio-

durans (DrNSAAR) has been solved.14 The biochemical char-

acterization of other members of the family indicates that: (i)

NSAARs act on a broad range of N-acetylamino acids; (ii)

they need a divalent metal ion for its function (to polarize a

C-H bond adjacent to a carboxylate group for abstraction of

the hydrogen by a basic residue of the enzyme); and (iii) they

are homooctameric or homohexameric species.8,10,12–14

Enzymes from thermostable microorganisms have attracted

much attention because of their intrinsic high thermal stabil-

ity and large reaction rates15; besides, the use of high temper-

atures during the industrial enzymatic reactions increases the

mass transfer effects, improves the solubility of substrates in

water and reduces the possibility of cross-contaminations.16

Within this framework, we are trying to isolate a new

NSAAR with a wide potential use in industrial processes. The

complete genomes of twenty thermophilic or hyperthermo-

phile prokaryotic species have been described.17 Geobacillus

kaustophilus, a thermophilic Bacillus-related species, is

among those genome-sequenced organisms. Its genome is

composed of a 3.54 Mb single circular chromosome and a

47.9 kb plasmid. Uchiyama and coworkers17 have assigned a

biological role to 1914 of the 3498 predicted protein-coding

genes, and one of them corresponds to a putative NSAAR.

We have cloned the gene encoding for this protein,

GkNSAAR, and we have described its biochemical properties,

showing that its N-acylamino acid racemase activity is

enhanced by cobalt-ions.18

In this work, we report the structure, stability, and oli-

gomerization state of GkNSAAR at different pH and tem-

peratures, in the absence and in the presence of Co21, by

using spectroscopic (namely, fluorescence, CD, and FTIR),

and hydrodynamic (AU) techniques. The results indicate

that GkNSAAR is a tetramer at pH 8.0, as shown by AU,

within a wide pH range (from pH 5.3 to 9.0), but the

functional tertiary and secondary structures are only pres-

ent within a very narrow pH range (from pH 7.0 to 9.0).

In GdmCl denaturation experiments, the folding reaction

proceeds via a monomeric intermediate with non-native

structure. Upon addition of Co21, small changes were

observed in the amount of secondary structure, but the ter-

tiary and quaternary ones were not altered; further, the sta-

bility of the protein was not modified by the presence of

the metal. Thus, although enzyme activity is linked to the

presence of the Co21, the ion only seems to alter slightly

the amount of secondary structure.

RESULTS

GkNSAAR is a Tetrameric Species Either in the

Presence or in the Absence of Co21

We used gel filtration and AU techniques to elucidate the

quaternary structure of GkNSAAR.

Gel Filtration Measurements. GkNSAAR, whether or not

the ion was present, eluted at 19.64 ml in a Superdex 200 HR

16/60 column (close to the bed volume of the column) at pH

\ 7.5 and pH [ 10 (data not shown). These results, with

those from AU (see latter), suggest that the protein probably

interacted with the column at those pH (see also Discussion

section). The protein eluted at 10.94 ml (with a r 5 0.21) in

the pH range 7.5–9.0, which yields a Rs of 46.7 Å (Figure

1A). This elution volume is close to the peak of aldolase

(Rs 48.1 Å), which is a tetramer composed of subunits of

�360 amino acids (the GkNSAAR monomer is formed by

379 amino acids, with a molecular weight of 42.3 kDa). Since

758 Pozo-Dengra et al.

Biopolymers



for spherical proteins log(Rs) 5 20.204 1 0.357 log(Mw),
20

this yields a Mw 5 177.3 kDa, slightly higher than that of a

tetrameric species (169.2 kDa). The elution volume did not

change in 1–76.45 lM GkNSAAR concentration range

explored (data not shown).

Analytical Ultracentrifugation. The results from gel filtra-

tion suggest the presence of an elongated tetrameric species

in solution. Gel filtration cannot distinguish contributions of

mass and shape to molecular diffusion. Conversely, AU can

be used to determine directly the molar mass of the associa-

FIGURE 1 Hydrodynamic properties of GkNSAAR. A: Determination of the Stokes radius of

GkNSAAR at pH 8.0. The elution volume of the protein in the absence of Co21 is indicated by a filled

arrow, and that in the presence of 0.5 mM Co21 by a blank arrow (both proteins eluted at the same

volume, and then the two rectangles are superimposed). The numbering corresponds to the elution

volumes of ovalbumin (1), albumin (2), aldolase (3), ferritin (4), and thyroglobulin (5). The equa-

tion was: Rs 5 41.6 3 erfc21 (r) 1 7.39 (with a regression coefficient of 0.99). B: Sedimentation

equilibrium data at pH 8.0. The upper graphs are the distribution of residuals calculated by subtract-

ing the fitted values from observed data for the tetramer molecular mass provided by the program

EQASSOC,19 that is, the residuals correspond to deviation of the experimental data from the

theoretically calculated tetrameric mass. Absorbance data taken at 15 lM of GkNSAAR loading con-

centration are shown in the lower graph versus cell radius at 6000 (left) and 8000 (right) rpm, 298 K.

Open white rings show the experimental data, and color solid lines are the fitting to four equilibria

involving different final oligomeric states of GkNSAAR.
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tion state of macromolecules.21 Then, the oligomeric state of

GkNSAAR, whether or not the ion was present, was

also investigated by sedimentation equilibrium at three

different pH.

We carried out AU experiments at equilibrium21,22 to pro-

vide a good estimate of the oligomerization state of

GkNSAAR. The sedimentation equilibrium experiments with

GkNSAAR suggest the presence of a tetramer at the three pH

explored (with apparent molecular weights of 156 kDa at

6000 rpm) (Figure 1B, left-hand side). At higher velocities

(8000 and 10,000 rpm), fitting of the data yields a molecular

mass of 170 kDa, which is similar to the expected tetrameric

molecular weight (169.2 kDa) (Figure 1B, right-hand side).

We also carried out ITC measurements to determine the

affinity of metals by the protein (Supporting Information

Figure 1). If we assume that all the binding sites in each

monomer are identical, the number of binding sites will pro-

vide us with an estimation of the stoichiometry of the com-

plex, and then, with its geometry. The results indicate that

the affinity is very large, and then, there is no baseline in the

lower part of the sigmoidal curve (Supporting Information

Figure 1). Thus, the affinity constant is very well determined,

but not the number of binding sites, that is, the inflexion

point of the curve. The fitting to four metal ions was better

(smaller residuals) than that to two (data not shown) or

three binding sites (Supporting Information Figure 1), but

even so, the error in the calculation was large. Keeping in

mind this caveat, we can consider that the ITC results, when

taken together with the rest of the techniques, support

unambiguously the presence of a tetrameric species for

GkNSAAR.

To sum up, the results from gel filtration and AU indicate

that GkNSAAR is a tetramer under equilibrium conditions,

with a rather elongated shape.

Structure of GkNSAAR Either in the Absence or in

the Presence of Co21

We used several spectroscopic probes to monitor the confor-

mational changes in GkNSAAR, whether or not the ion was

present, as the pH was modified.

Intrinsic Fluorescence. Fluorescence reports on the changes

in the tertiary structure of the protein around its eight

tryptophans and 10 tyrosines. The emission fluorescence

spectrum of GkNSAAR, whether or not the ion was present,

had a maximum at 340 nm at neutral pH, and then, it was

dominated by the emission of tryptophan residues. It has

been suggested that tryptophan residues that emit at 340 nm

are fully exposed to external quenchers, but have restricted

mobility.23 As the pH varied, the maxima wavelengths of the

spectra were red-shifted toward 350 nm, suggesting that the

environment of some residues could be affected by: (i) the ti-

tration of close charged groups; (ii) conformational changes

in the proteins; or (iii) both phenomena.

The intensity at 340 nm (either by excitation at 280 or 295

nm) showed, whether or not the ion was present, a bell-

shaped behavior with two titrations at the two extremes of

pH (Figure 2A). The pKa of the acidic titrations were 4.72 6

0.06 (no Co21, blank squares) and 4.83 6 0.07 (when the

ion was present, filled squares); however, the titration at basic

pH could not be reliably determined because of the absence

of baseline. Those pKa values suggest the presence of two

titrations occurring at low pH, probably related to Asp and/

or Glu residues.24

FIGURE 2 pH-Induced structural changes of GkNSAAR followed

by fluorescence. A: The intensity at 340 nm in the absence (blank

squares) and in the presence (filled squares) of Co21. Excitation

wavelength was 280 nm (similar results were obtained by excitation

at 295 nm). B: The intensity at 480 nm in ANS-fluorescence experi-

ments in the absence of Co21 (blank squares) and in the presence of

0.5 mM Co21 (filled squares). The lines are the fitting of data to the

acid-base equilibrium equation. The temperature was 298 K, and

protein concentration was 1 lM.
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ANS-Binding. ANS-binding was used to monitor the sol-

vent-exposed hydrophobic regions.25 At low pH whether or

not the ion was present, the fluorescence intensity at 480 nm

was large and decreased as the pH was raised (Figure 2B).

This intensity showed a sigmoidal behavior with a pKa of

4.43 6 0.08 (no Co21, blank squares) and 4.52 6 0.02 (when

the ion was present, filled squares), which are similar to those

observed by the intrinsic fluorescence.

Far- and Near-UV CD. The far-UV spectra at pH 8.0,

whether or not the ion was present, were characterized by the

presence of a broad minimum between 208 and 222 nm

(Figure 3A) and a maximum at 194 nm. However, in the pres-

ence of the ion (blank squares), the ellipticities were smaller

than those measured in the absence of Co21 (filled squares):

at 222 nm and pH 8.0, the intensity was 1.25-times smaller.

These data suggest that the predominant secondary structure

in GkNSAAR was helical, but, it is important to keep in mind

that at 222 nm, the aromatic residues also contribute to the

CD spectrum.26–29 Thus, the changes in the spectra could be

due to a pair of tryptophan side chains, which can give rise to

CD bands of this magnitude, but only through an exciton

mechanism that yields a positive and a negative band close to

225 nm.27,29 There is no evidence for such an exciton couplet

in the far UV-CD (Figure 3A) which would originate an in-

dentation in the spectra. Furthermore, if the Trp side chains

made such large contributions in the far UV, one would also

expect large near-UV changes, which are not observed (see

latter). In addition to changes in secondary structure and aro-

matic side chains, far-UVCD is also sensitive to distortions of

helices such as bends or tilting of the amide planes relative to

the helix axis.26,27 Modern methods of CD analysis, such as

CDNN, can take these factors into account and give reliable

secondary structure contents. Deconvolution of the spectra by

CDNN30 suggests that: (i) the protein, whether or not the ion

was present, was mainly formed by a-helix; and (ii) the popu-

lations of a-helical secondary structure were altered from 35

to 30% by the presence of Co21 (Table I). This predicted

change in the secondary structure is small, and below the

error limits of the method, but it could account, at least in

part, for the decrease in the ellipticity observed experimentally

upon addition of the ion Co21 (Figure 3A).

FIGURE 3 pH-Induced structural changes of GkNSAAR followed by CD. A: Far-UV steady-state

spectra in the absence (filled squares) and in the presence of 0.5 mM Co21 (blank squares) at pH 8.0.

B: Changes in the molar ellipticity at 222 nm as the pH was varied in the presence (blank squares)

and in the absence (filled squares) of 0.5 mM Co21. C: Near-UV steady-state spectra in the absence

(filled squares, continuous line) and in the presence of 0.5 mM Co21 (blank squares, dotted line) at

pH 8.0. D: Near-UV CD steady-state spectrum in the absence of Co21 at pH 3.7. The temperature

was 298 K, and protein concentration was 1 lM for the far-UVand 15 lM for the near-UV CD.

Structure and Oligomerization of a New Racemase 761

Biopolymers



The ellipticity at 222 nm, in the absence of the ion,

showed a pH-dependent sigmoidal behavior (Figure 3B,

filled squares), with a pKa 5 6.7 6 0.1, and n 5 0.7 6 0.2.

Conversely, in the presence of the ion, the [Y] at 222 nm did

not show a sigmoidal behavior (Figure 3B, blank squares).

Near-UV spectra give information on the asymmetric and

rigid environment of the aromatic residues.26–29 The near-

UV spectra of GkNSAAR at pH 8.0, whether or not the ion

was present, were very intense: they had a maximum at 280

nm, and other at 288 nm (Figure 3C), suggesting strong Lb
tryptophan transitions.29,31 However, in the presence of the

ion, the spectrum was more intense (Figure 3C, blank

squares), in contrast to what was observed by far-UV CD (see

earlier). If we assume that the changes observed in the far-

UV upon addition of the ion are due to changes in the sec-

ondary structure, then the changes in the near-UV must be

due to variations in the asymmetric environment(s) of some

aromatic residue(s). All these features disappeared at pH 3.7

(Figure 3D), whether or not the ion was present, indicating

that at low pH, the environment of aromatic residues is not

longer asymmetric.

FTIR Measurements. Deconvolution of the FTIR spectra in

the absence of the ion (Table I) indicates that the protein at

pH 8.0 was mainly formed by helical structure, in agreement

with the CD data. It is important to note here that the band

at 1609 cm21, which we considered as due to the presence of

side chains, could be also assigned to b-sheet, as described by

Gerwert and coworkers32; under this assumption, the percen-

tages of structure in Table I would be slightly altered yielding:

b-turns, 3%; b-turns/loops, 8%; random coil, 34%; a-helix,
42%; and parallel b-sheet, 13%.

The concurrence between CD and FTIR results pinpoints

the robustness of both deconvolution approaches, which can

be affected, in the case of FTIR, by the iterative procedure

carried out by the researcher (see Materials and Methods sec-

tion). We could not use FTIR in the presence of the cation,

since the addition of the ion caused protein precipitation,

probably because of formation of several hydroxides with the

Co21.33

To sum up, all the spectroscopic results indicate that

GkNSAAR is mainly formed by a-helical structure and

that the presence of the ion does not alter either its tertiary

structure.

Stability of GkNSAAR Either in the Absence or

in the Presence of Co21

On the basis of the spectroscopic results described, several

questions can be raised: how stable is the native structure

acquired above pH 6.0?; and although GkNSAAR does not

acquire a native structure up to pH 6.0, have the species at

low pH a well-folded conformation?, if so, how is their stabil-

ity? Furthermore, do the changes observed upon ion addition

result in stability variations? To address those questions, we

carried out thermal and chemical denaturations in the pres-

ence and in the absence of the ion.

Thermal Denaturations. Thermal denaturations were fol-

lowed by CD, FTIR, and fluorescence at several pH. They

were not protein concentration-dependent, and they were

irreversible at all pH, whether or not the ion was present.

Then, we did not estimate the thermodynamic parameters

governing the unfolding process.

The CD and fluorescence thermal scans at pH \ 5.0,

whether or not the ion was present, did not show a sigmoidal

behavior (see Figure 4), suggesting that the species populated

at those pH did not have a well-folded conformation. Above

pH 5.0, an irreversible transition was observed by both tech-

niques, with an apparent Tm close to 354 K; in the pH inter-

val from 6.0 to 9.0, irreversible transitions with the same

apparent thermal midpoint were observed. At pH[ 10.0 no

sigmoidal transition was observed (see Figure 4). The FTIR

thermal denaturations were only carried out at pH 8.0, yield-

ing a Tm 5 355.7 6 0.9 K (data not shown), close to those

obtained by CD and fluorescence.

Chemical Denaturations. Since the thermal denaturations

were irreversible, thus precluding any reliable conclusions,

we carried out chemical denaturations at pH 8.0. Upon addi-

tion of GdmCl to GkNSAAR, in the absence of the ion, we

observed a shift in the emission maximum from 340 to

350 nm. The intensity at 340 nm decreased monotonically

up to 2M GdmCl, where it reached a plateau to further

Table I Secondary Structural Analysis of GkNSAAR at pH 8.0

and 298 K as Determined by FTIR and CD (in Percentage)a

Structural Assignment

FTIR CD

No Co21 No Co21 Co21

b-Turns 3 16 17

b-Turns/loops 8

Random coil 34 35 38

a-Helix 42 35 30

Antiparallel b-sheet 5 5

Parallel b-sheet 8 9 10

a There is another band at 1609 cm21, assigned to side chains; it

accounts for nearly 5% of the whole area of the Amide I0 band. The percen-
tages of secondary structure on the first column of the table do not take into

account this band (see text for details).
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decrease following a sigmoidal behavior (Figure 5A). The

first monotonic transition was not observed by following the

changes in the ellipticity at 222 nm (Figure 5B, filled

squares). The first transition was concentration-dependent,

indicating that it involves oligomer dissociation (Supporting

Information Figure 2), but it was very flat to allow a good

estimation of any chemical denaturation midpoint;

conversely, the second one did not show any concentration-

dependence, and it must involve unfolding of monomeric

species. The first transition was not reversible, but the second

one was reversible, and then, its m-values and chemical-

denaturation midpoints (Table II) were determined.

We also followed the chemical-denaturations by monitor-

ing: (i) the ANS fluorescence intensity; and (ii) the Ve in gel

filtration experiments. In the ANS experiments, a large

increase in the fluorescence intensity at 480 nm was observed

(Figure 5C) at low GdmCl concentrations, to further

decrease at higher denaturant concentrations. The gel

filtration data indicate that between 0 and 2M of GdmCl

(that is, where the first concentration-dependent transition is

observed, Figure 5A), the Ve goes from 10.94 ml (at 0M

GdmCl) to a broad peak centered at 10.0 ml (at 1.5M

GdmCl) at 4 lM of protein concentration (data not shown).

Taken together, these experimental results suggest that at

such low [GdmCl]s, there are species with solvent-exposed

hydrophobic patches (ANS), which could interact with the

column (gel filtration).

FIGURE 4 Thermal denaturations of GkNSAAR at several pH as

determined by CD and fluorescence. A: Thermal denaturations fol-

lowed by the changes in raw ellipticity at 222 nm at the selected pH.

B: Thermal denaturations followed by the intrinsic emission fluores-

cence at 340 nm after excitation at 280 nm at the indicated pH. To

allow for comparison among the three different pH in both techni-

ques, the y-units in both panels are arbitrary.

FIGURE 5 Stability of GkNSAAR determined by GdmCl-denatu-

rations. A: The fluorescence intensity at 340 nm versus the [GdmCl]

at pH 8.0 in the absence of Co21. Data were acquired at 4 lM of

protein concentration at 298 K. B: The [Y] at 222 nm at pH 8.0 in

the absence (blank squares) and in the presence (filled squares) of

the ion. The units on the y-axis are arbitrary. C: The fluorescence

intensity at 480 nm in ANS fluorescence experiments versus the

[GdmCl] at pH 8.0 in the absence (blank squares) and in the pres-

ence of Co21 (filled squares). Data were acquired at 4 lM of protein

concentration at 298 K.
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Chemical denaturations of GkNSAAR in the presence of

the ion monitored by the fluorescence intensity show two

transitions, identical to those observed in the absence of the

ion. The first monotonic transition was concentration-

dependent, but it was not reversible (data not shown), pre-

cluding any thermodynamic study. On the other hand, the

second transition was reversible, but concentration-inde-

pendent, yielding the same thermodynamic parameters as in

the absence of the ion (Table II). Finally, the [Y] at 222 nm

showed, as in the absence of the ion, a single broad transition

(Figure 5B, filled squares). Chemical denaturations followed

by ANS fluorescence (Figure 5C, filled squares) showed the

same tendency as in the absence of the ion. Either in the

presence or in the absence of the ion, tetramer dissociation

showed a hysteresis behavior (that is, the refolding equilib-

rium curve did not superimpose with the unfolding equilib-

rium one) precluding any thermodynamic study.

DISCUSSION

GkNSAAR is a Tetramer

The majority of the N-succinylamino acid racemases

described to date are homooctamers or homohexamers, and

then, GkNSAAR is one of the few racemases which shows a

tetrameric structure.8–14 The structures of the enolases

reported so far from eukaryotic sources are usually dimeric,

whereas the crystal structures of the bacterial enolases from

S. pneumoniae and En. hirae show a tetrameric fold or a

similar octameric association comprising a tetramer of

dimers.35,36 It has been suggested that changes in protein

quaternary structure within the same family are associated to

the evolution of new functions and regulation.37

In the following, we will try to explain the tetrameric qua-

ternary structure of GkNSAAR based on: (i) the protein

sequence; and (ii) the monomeric tertiary structure. First, we

used the sequence of DrNSAAR, whose three-dimensional

structure is known14; the sequence identity between both

proteins is 45% (a similar percentage has also been observed

with other NSAARs18) (Figure 6C). Recently, it has been

shown that with sequence identities in the range of 30–40%,

the conservation of the quaternary structure is �70%.37 The

corresponding percentages for the twenty amino acids are

similar for GkNSAAR and DrNSAAR, except for: (i) Ala and

Gly, which are a 2% lower in GkNSAAR than in DrNSAAR;

and (ii) Ile and Lys, which are a 2% higher in GkNSAAR

than in DrNSAAR. Then, the per residue differences between

both proteins are restricted to hydrophobic and charged resi-

dues; since the three-dimensional structure of DrNSAAR has

revealed that the oligomeric interfaces are comprised of an

extensive network of hydrophobic contacts,14 these differen-

ces in a particular type of residue might hamper octameric

formation.

And second, a structural model of GkNSAAR was gener-

ated using the 2.3 Å-resolution structure of DrNSAAR (PDB

number: 1XPY).14 DrNSAAR octameric oligomerization

occurs mainly via three types of interactions. In the first one,

each monomer packs tightly to form a dimer using an inter-

face, which is highly conserved in GkNSAAR; this region is

called the A1-C1 interface, following original nomenclature

by Hsu and coworkers (Figures 6A and 6C, indicated by

asterisks in the latter). This interface is comprised by a-heli-

Table II Thermodynamic Parameters of the Chemical Denaturation of GkNSAAR at pH 8.0 in the Absence and

in the Presence of Co21a

Protein

Concentration

(lM)

1 Day 10 Days

First Transition Second Transition First Transition Second Transition

[GdmCl]1/2
(M)

m

(kcal mol21 M21)

[GdmCl]1/2
(M)

[GdmCl]1/2
(M)

m

(kcal mol21 M21)

[GdmCl]1/2
(M)

1.0 Broad 2.2 6 0.2 (2.06 0.2)b 2.866 0.04 (2.88 6 0.06)b Broad 2.5 6 0.2 2.96 6 0.04

4.0 Broad 2.1 6 0.3 (1.76 0.2)b 2.956 0.03 (2.90 6 0.08)b Broad 2.3 6 0.3 2.85 6 0.08

10.0 Broad 3.0 6 0.6 3.006 0.08

1.0c Broad 2.1 6 0.4 2.8 6 0.1

a All experiments were carried out at 298 K. The values shown were obtained by following the changes in fluorescence intensity at 340 nm after excitation

at 280 nm (similar results were obtained by excitation at 295 nm). Thermodynamic parameters were obtained by using a three-state equation in oligomeric

proteins.34 Errors are fitting errors to the three-state equation. The first transition was in all cases too broad to yield proper thermodynamic parameters (see

Supporting Information Fig. 2 and Fig. 5).
b The value obtained in the presence of 0.5 mM of Co21 is shown within parenthesis.
c Renaturation experiments were acquired after a 10-day incubation period at 278 K.
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ces, and the corresponding GkNSAAR residues involved are:

Pro56, Tyr58, Arg97, Asp223, Asp227, Glu242, Arg251, and

Lys252. The second type of interface (the so-called A1-C2

interface) allows tetramer formation in DrNSAAR, because

of dimer association, and involves mainly a-helices. The con-
servation score for this interface in GkNSAAR is lower than

for the first one, with the following residues involved in the

main interactions: Arg251, Glu284 (Ser288 in DrNSAAR),

Asp280, Arg277, and Lys276 (Arg280 in DrNSAAR) (Figures

6B and 6C, indicated by black dots in the latter). In

DrNSAAR, the third type of interactions (A1-A2-A4) make

the two tetramers (which are, in turn, composed by a four-

FIGURE 6 Molecular modeling of GkNSAAR. Molecular surface of the modeled GkNSAAR show-

ing residue conservation of first (A) and second (B) type of interfaces from DrNSAAR.14 The conser-

vation score is color coded, going from dark blue (fully conserved) over light blue, green, yellow, and

orange toward red (most variable). Counterpart residues for GkNSAAR interfaces are represented as

dots. Sequence alignment was carried out with ClustalW,38 which was the input to calculate conser-

vation scores at each amino acid position in ConSurf.39 For visualization, the conservation scores

were written into the B-factor field of the GkNSAAR model coordinate file. (C) Sequence alignment

generated with the Espript software40 using the CLUSTALW alignment as input, together with PDB

1XPY. DrNSAAR residues involved in the different interfaces are represented as follows: A1-C1 (*),

A2-C2 (�), and A1-A2-A4 (1).
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fold axis-related monomers) to be packed by residues

Arg209, Gln210, Asp215, and Arg239. However, these resi-

dues do not have the corresponding counterpart in

GkNSAAR (Figure 6C, indicated by crosses) and then, it

would explain why the tetramer does not further oligomer-

ize. Thus, the modeled structure suggests that: (i) hyper-

variability among helices, which otherwise do not seem to

alter the structure of the isolated monomer (as shown by

CD and FTIR); and (ii) the absence of the third octameric-

stabilizing interface, are together responsible for the absence

of the homooctamers in GkNSAAR. At this stage, it is

important to pinpoint that even though there is a change in

the quaternary structure, the largest oligomerization interfa-

ces (the first two ones) are conserved. Finally, it is interest-

ing to indicate that in additional sedimentation velocity

experiments at pH 5.3 and 9.0, small populations of highly

elongated homooctameric molecules were detected (data

not shown). Although we have discussed above that homo-

octamer formation is not favored, it could be that at

extreme pH, some groups titrate and/or some conforma-

tional changes occur (Figures 2A and 3B) allowing packing

of a small population of the pre-existing tetramers in

higher-order complexes.

Finally, it could be thought that the calculation of the cor-

responding Stokes radius of the tetrameric modeled structure

by using HYDRPRO41 and its comparison to that from a pu-

tative trimeric structure could further support the presence

of tetrameric species in GkNSAAR. Trimeric and tetrameric

models were manually built by superimposition with the

1XPY structure. The theoretical Stokes radii for the trimeric

and tetrameric states calculated by using HYDROPRO41 were

41.7 and 46.4 Å, respectively. The similarity between the

value for that of the tetrameric species and that from gel fil-

tration measurements (46.7 Å, see in Results section) further

supports that the dominant species in solution is a tetramer.

Since the protein is a tetramer, is the structure of one of

the protomers (from here, we will understand protomers as a

monomer unit) similar to one of the protomers belonging to

the homooctameric species observed in other family mem-

bers? We have not been able to find good diffracting crystals

for GkNSAAR so far, but the low resolution techniques used

in this work, CD and FTIR, allow us to estimate the percent-

age of secondary structure of each monomer (Table I). The

percentages of secondary structure in DrNSAAR are 32% for

a-helix and 17% for b-sheet (either parallel or antiparallel),
which are similar to those obtained experimentally by decon-

voluting the CD spectra in GkNSAAR (Table I): 35 and 14%

(the sum of 9 and 5 in such Table, the two types of b-sheet),
respectively. Further similarities are found when the metal

binding pocket is compared: the binding pocket of Mg21 in

DrNSAAR is relatively close to several Phe and Tyr amino

acids,14 which also seems to occur in the binding site of

Co21 in GkNSAAR. Then, we suggest that although the qua-

ternary structure is not conserved among the NSAARs, the

tertiary and secondary structures, and the surroundings of

the metal binding site are preserved.

Cobalt Ions Only Alter Slightly the

Secondary Structure of GkNSAAR

Metals perform a variety of tasks in cells from structural

stabilization to enzyme catalysis, activating key life processes

such as respiration and photosynthesis.42 The Na, K, Mg, Ca,

Zn, Cu, Fe, Co, and Mn ions are the most frequently found

in proteins under physiological conditions. Since the first

NSAAR was discovered in Actinomycetes strains,9 it has been

known that NSAARs are metalloenzymes. We have shown

that GkNSAAR has the highest percentage of enzymatic

activity in the presence of Co21 18 (which is the desired con-

dition from a strict industrial point of view), and then, the

studies of the conformational changes have been also carried

out in the presence of that cofactor (for instance, in the pres-

ence of Mg21 the activity was a 10% of that observed with

Co21). These studies will allow us to evaluate the conditions

under which GkNSAAR could be used in the synthesis of

optically pure amino acids, together with a stereospecific

L-acylase. In this work, we observed that the presence of the

ion: (i) decreased the ellipticity in the far-UV CD spectrum

(Figure 3A), and the percentage of helical structure as shown

in Table I, but not the quaternary one (Figure 1A); (ii) did

modify the asymmetric environment of the aromatic residues

(Figure 3C); and (iii) did not alter substantially the chemical

stability of the isolated monomeric forms (Table II). Thus, in

contrast to other ions, such as Zn21, which can have dra-

matic effects in the structure of the proteins,43,44 the cobalt

ion does not alter significantly the structure of the

GkNSAAR, nor does the solvent-exposure of hydrophobic

polypeptide patches45; that is, Co21 is necessary for the high-

est enzyme activity, but not for attaining the native-like

protein scaffold nor its stability.

The pH-Denaturation of GkNSAAR Involves a

Molten-Globule-Like Species at Low pH

The GkNSAAR shows a tetrameric structure (but not neces-

sarily a native-like one) at least from pH 5.3 to 9.0 as shown

by AU. At the acidic pH, gel filtration results suggest that the

protein interacts with the column, because of the long elu-

tion volume. Taken together both results suggest that the

quaternary fold acquired by the protein at pH 5.3 has some

solvent-exposed regions, as it is also supported by ANS bind-
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ing experiments (Figure 2B). It is interesting to note that at

pH 5.5, the enzyme shows a 3% activity (when compared

with pH 8.0) (Supporting Information Figure 3), thus sup-

porting that the structure at that pH is not completely

native-like (data not shown). We can describe how the func-

tional structure is attained, based on the different spectro-

scopic techniques.

The acquisition of tertiary native-like structure (either in

the presence or in the absence of the ion), from the acidic

regions occurs at a pKa of �4.8 (Figure 2A) which is similar

to that observed in an aspartic and/or glutamic residue24;

interestingly enough, in the modeled structure the oligomeri-

zation interfaces are mainly formed by glutamic and aspartic

residues, suggesting that the acquisition of quaternary and

tertiary structure occurs concomitantly. A similar value was

obtained by monitoring the ANS fluorescence.

The secondary structure (as monitored by far-UV CD)

was not acquired until pH 7.0 (Figure 3B, filled squares). In

the presence of the ion, the same tendencies are observed,

except for the changes in far-UV (Figure 3B, blank squares),

where no transition was observed. Since the pKa of the transi-

tion in the absence of the ion, was close to that of a histidine

residue (6.7 6 0.1)24 (Figure 3B, filled squares), we suggest

that the conformational changes monitored by CD are

related to the presence of a chelating histidine. Interestingly

enough, histidine has been suggested to be involved in the

enzymatic reaction of the enolase family.14

One question, however, must be answered: which is the

conformational state populated at very low pH? Since the

different protein species bound ANS (Figure 2B), and they

did not show a sigmoidal thermal denaturation (see Figure

4), we suggest that the low-pH species is a molten-globule.46

This species has at least some of the tryptophans still buried

(as concluded from the blue-shifted fluorescence maxima at

low pH, data not shown), but with a nonasymmetric environ-

ment for the majority of the aromatic residues (Figure 3D).

Equilibrium Unfolding of GkNSAAR Involves a

Non-Native Monomeric Intermediate Whether

or Not Cobalt Ions are Present

Most of the previous work on protein folding has focused on

small single-domain proteins that fold rapidly and avoid

aggregation.47 However, there are many proteins in the cell

which are large, with multiple folding domains and/or sub-

units, and which probably do not follow the simple folding

principles established on results from small proteins. Further

complications arise in multimeric proteins, where their fold-

ing reactions involve not only intramolecular interactions,

but also intermolecular ones. How the amino acid sequence

controls subunit–subunit interactions, and which additional

stability is conferred by such contacts can be only addressed

by characterizing the stability and conformational properties

of multimeric proteins.48 Moreover, the stability and folding

mechanism of a protein can be altered by the presence of

cofactors: it is estimated than more than 20% of all proteins

in the cell coordinate cofactors in their native states to attain

specific functions. The cofactor protein stabilization depends

on the particular polypeptide chain; for instance, the cyto-

chrome b562 of Escherichia coli is stabilized by 14 kJ mol21

when the heme cofactor is present,49 but the stability of the

flavodoxin of Desulfovibrio desulfuricans is not affected by

the presence of flavin.50

The chemical denaturation data (Supporting Information

Figure 2) suggest that the first transition involves tetramer

dissociation, M4, toward a monomeric species, M: M!4 4M ,

and the second one involves monomer unfolding (since, it is

not concentration-dependent, Table II). The structure of the

monomeric intermediate is non-native, because the CD sig-

nal changed concomitantly to the fluorescence spectra, either

in the absence or in the presence of the ion (Figure 5B).

Moreover, when GdmCl denaturation was followed by ANS

fluorescence, a complete decrease in the intensity at 480 nm

only occurred when the second transition had completely

finished (i.e., at [GdmCl][ 3M) (Figure 5C), suggesting that

the monomeric intermediate species have a large amount of

solvent-exposed hydrophobic surface. Then, since this inter-

mediate species is able to bind ANS and is monomeric, we

hypothesize that its structure is similar to that of the molten-

globule observed at low pH (see earlier).

Tetramer dissociation showed a hysteresis behavior,

whether or not the ion was present, precluding any thermo-

dynamic study. Hysteresis is due to the nonequivalence of

the unfolding and refolding reactions. Then, the presence of

the Co21 in the refolding buffer is not enough to accomplish

monomer assembly, even after long incubation times, prob-

ably due to the fact that Co21 is not covalently bound to the

protein. The absence of tight bonds would also explain why

the chemical stability of the protein was not affected by the

presence of the ion (see Figure 5). We do not know the exact

reasons behind the hysteresis behavior of the dissociation

step, but we speculate that since the monomer have two dif-

ferent interacting surfaces (see the Discussion of the modeled

structure), docking of the two preformed monomers by the

proper use of the correct surface might be highly hampered.

Energetics of the Chemical- and Thermal-Unfolding

Reaction Compared with Other Proteins

Since the dissociation reaction was not reversible (and we

have not been able to determine the dissociation constant of
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the tetramer by AU), we could not estimate the oligomeric

stability of GkNSAAR. The dissociation free energies of other

oligomeric proteins are in the range of 37–250 kJ mol21 of

oligomer.51,52 The free energy of unfolding of the monomeric

GkNSAAR can be estimated to be 106 kJ mol21 from the fit-

ting of the first broad transition. This is just in the middle of

the range observed for the free energy of dissociation of other

proteins, which means that most of the global unfolding free

energy of GkNSAAR originates within each monomer, and

then, the interactions establishing the tetrameric scaffold,

although they could be numerous, are relatively weak. This

result also indicates that monomers are stable enough to exist

isolated in solution under determined solvent conditions.

Although chemical denaturations had two transitions,

thermal denaturations at any pH showed a single irreversible

one, with a high apparent thermal midpoint (�354 K). The

protein has a maximum enzymatic activity at 328 K, and the

complete lost of enzymatic activity occurred over 353 K

(data not shown); then, thermal enzymatic inactivation

occurred because of thermal unfolding. However, why is

GkNSAAR so thermostable? It has been suggested that the

high-level of quaternary structure (the octameric species) is

responsible for the extreme thermal stabilization of

NSAARs14 or other members of the enolase superfamily.35

The quaternary structure of GkNSAAR and its high stability

(354 K), the latter larger than that reported for DrNSAAR

(343 K),14 do not support that suggestion. On the other

hand, a comparison among the sequences of proteins from

thermophiles and mesophiles can shed some light on the ori-

gin of the thermostability of GkNSAAR.53 Protein sequences

from thermophiles show a large proportion of charged (Arg,

Asp, Glu, and Lys) and hydrophobic (Gly, Ile, Pro, and Val)

residues, and concomitantly, a low percentage of uncharged

polar amino acids (Asn, Gln, and Thr). In GkNSAAR, the

percentage of charged and hydrophobic residues accounts for

a 50% of the total number of residues, and then, it is larger

than that of uncharged ones (10%), suggesting that its sequence

determines its thermostability, and also, as it has been previ-

ously discussed, its oligomerization state (see earlier). More

detailed molecular interpretations on the stability of oligomeric

proteins are difficult. Although there is a great deal of research

these days into prediction of subunit affinities (as shown by the

CAPRI results), accurate predictions remain elusive.54 We can

only hypothesize that the high stability of the GkNSAAR is im-

portant for its function, as it has been described recently in

other high-order oligomeric proteins.55

CONCLUSIONS
The results in this work indicate that the native secondary

structure of GkNSAAR at pH 8.0, the pH of maximal activity,

is mainly formed by a-helix. The protein is a tetramer at pH

8.0; this functional structure is only stable within a very

narrow pH range (from pH 7.0 to 9.0). Then, the possible

industrial applications of GkNSAAR must keep in mind that

slight changes in the acidic solution conditions result in con-

formational changes which reduce its activity. In GdmCl

denaturation experiments, the folding reaction proceeds via

a monomeric intermediate with non-native structure. Upon

addition of 0.5 mM of Co21, the secondary structure of the

protein changed slightly, as shown by CD and FTIR deconvo-

luted data, but the tertiary structure was not altered. Further,

neither were the quaternary structure or the chemical

stability modified by the presence of the metal. Then,

although the largest enzyme activity is linked to the presence

of the Co21, the ion seems to alter slightly the content of

secondary structure.

MATERIALS AND METHODS

Materials
All the reagents and chemicals were from Sigma (USA) and of the

highest purity available. The molecular mass marker was from GE

Healthcare (USA). Ultra-pure urea and GdmCl were from ICN Bio-

chemicals (USA). Exact concentrations of GdmCl were calculated

from the refractive index of the solutions.56 Dialysis tubing with a

molecular weight cut-off of 3500 Da was from Spectrapore (UK).

Water was deionized and purified on a Millipore system. Experi-

ments in the presence of 0.5 mM of Co21 were acquired by dissolv-

ing the proper amount of a 1M stock solution of CoCl2 3 5H2O.

Protein Expression and Purification
GkNSAAR was expressed and purified as described.18 The protein

used in this work was not histidine-tagged; the tag was removed by

thrombin cleavage following manufacturer instructions (GE Health-

care) to avoid possible interference during the stability studies in

the presence of the ion. The protein is 379-residues long, and it

contains 10 tyrosines and eight tryptophans. Protein purity was

checked by SDS gel and mass spectrometry and in all preparations

was larger than 95%. Activity of the protein used in the biophysical

studies was tested as described elsewhere18 (Supporting Information

Figure 3). Although when the activity is substantially reduced, there

is still a substantial amount of fluorescence (see for instance, at pH

10.5), and thus, a qualitative agreement exists between the bell-

shaped curves of fluorescence intensity and pH-activity profile. Pro-

tein concentration was calculated based on the extinction coeffi-

cients of amino acids.57

Gel Filtration Chromatography
The standards used in column calibration, and their corresponding

Stokes radii were: ovoalbumin (30.5 Å); bovine serum albumin

(35.5 Å); aldolase (48.1 Å); ferritin (61 Å), and thyroglobulin (85

Å).58,59 The bed and the void volumes were determined by using
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riboflavin and blue-dextran, yielding 23.6 and 7.0 ml, respectively.

Samples were loaded at 25 mM Tris (pH 7.3) with 150 mM NaCl at

1 ml min21 in an analytical calibrated Superdex G200 HR 16/60

(GE Healthcare) column, running on an AKTA-FPLC system (GE

Healthcare) at 298 K, and monitored with an on-line detector at

280 nm. Gel filtration chromatography was used to determine the

hydrodynamic radius, Rs, of the protein, as it has been previously

described.60,61 Briefly, such approach uses the weight average parti-

tion coefficient (r) of a protein and takes the error function com-

plement of r, (erfc�1ðrÞ]) which has a linear relationship with the

molecular Stokes radius, Rs
60:

Rs ¼ a þ b erfc�1 rð Þ� �
:

where a and b are the particular calibration constants for the

column.

The buffers at the different pH (see latter) were used at a final con-

centration of 50 mM, with 150 mM of NaCl to avoid column interac-

tions. Each measurement was repeated three times using a 2.75 lM
protein concentration. Protein concentration ranged from 1 to 76.45

lM in experiments aimed to determine the association constant.

Analytical Utracentrifugation
Sedimentation equilibrium experiments were performed at 298 K in

an Optima XL-A (Beckman-Coulter Inc.) analytical ultracentrifuge

equipped with UV-visible optics, using an An50Ti rotor, with a 3

mm double-sector charcoal-filled Epon centerpiece. Samples of

freshly dialyzed protein at 15 lM in 20 mM Tris-HCl (pH 8.0) were

loaded into the cell, and the dialysate was transferred to the refer-

ence sector. The velocities used were 3000 (10,920 g), 6000 (21,840

g), 8000 (29,120 g), 10,000 (36,400 g), and 42,000 (152,880 g) rpm.

Short column (23 ll) low speed sedimentation equilibrium was per-

formed at 6000–8000 rpm, and the system was assumed to be at

equilibrium when the successive scans overlaid. The equilibrium

scans were obtained at 280 nm. The baseline signal was measured af-

ter high speed centrifugation (5 h at 42,000 rpm). The whole-cell

apparent molecular weight of the protein was obtained with the

program EQASSOC,19 and the goodness of the fitting was judged by

the values of residuals (in all cases within less than 60.02) (Figure

1B). Experiments were also acquired at pH 5.3 (50 mM, acetic acid)

and pH 9.0 (50 mM, Tris).

Fluorescence Measurements
Fluorescence spectra were collected on a Cary Varian spectro-

fluorimeter (Varian, USA), interfaced with a Peltier unit, at 298 K.

The GkNSAAR concentration in the pH- or chemical-denaturation

experiments was 1 lM, unless it is stated; the final concentrations of

the buffers were, in all cases, 10 mM. A 1-cm-pathlength quartz cell

(Hellma) was used.

Steady State Spectra. Protein samples were excited at 280 and

295 nm to characterize a different behavior of tryptophan and

tyrosine residues. The slit widths were 5 nm for the excitation and

emission lights. The fluorescence experiments were recorded

between 300 and 400 nm. The signal was acquired for 1 s and the

wavelength increment was set to 1 nm. Blank corrections were made

in all spectra.

The sample pH were measured after completion of the experi-

ments. The pH was measured with a thin Aldrich electrode in a

Radiometer (Copenhagen) pH-meter. The salts and acids used were:

pH 2.0–3.0, phosphoric acid; pH 3.0–4.0, formic acid; pH 4.0–5.5,

acetic acid; pH 6.0–7.0, NaH2PO4; pH 7.5–9.0, Tris acid; pH

9.5–11.0, Na2CO3; pH 11.5–12.0, Na3PO4.

ANS-Binding. Excitation wavelength was 380 nm, and fluores-

cence emission was measured from 400 to 600 nm. Slit widths were

5 nm for excitation and emission light. Stock solutions of ANS (1

mM) were prepared in water and diluted to yield a final concentra-

tion of 100 lM. Blank solutions were subtracted from the corre-

sponding spectra.

Thermal Denaturation Experiments. Excitation wavelength

was either 280 or 295 nm, and fluorescence emission was collected

at 340 nm. Slit widths were 5 nm for excitation and emission light.

Thermal scans were acquired every 0.2 K and the heating rate was

60 K h21.

Circular Dichroism Measurements
Circular dichroism spectra were collected on a Jasco J810 spectropo-

larimeter (Japan) fitted with a thermostated cell holder and inter-

faced with a Peltier unit. The instrument was periodically calibrated

with (1) 10-camphorsulphonic acid.

Steady-State Spectra. Isothermal wavelength spectra at different

pH were acquired at a scan speed of 50 nm min21 with a response

time of 4 s and averaged over four scans, at 298 K. Far-UV measure-

ments were carried out at 1 lM of protomer concentration, 10 mM

of the corresponding buffer (see earlier), in a 0.1-cm-pathlength

cell. Blank corrections, either in the presence or in the absence of

the ion, were acquired in all experiments. Every pH-denaturation

experiment was repeated three times with new samples. Near-UV

measurements were carried out at a protein concentration of 15

lM, in a 0.5-cm-pathlength cell. Molar ellipticity, [Y], was obtained

from raw ellipticity data, Y, as described.61

In the GdmCl denaturation experiments, far-UV CD spectra

were acquired with a scan speed of 50 nm min21; four scans were

recorded and averaged, with a response time of 4 s, at 298 K. The

cell pathlength was 0.1 cm, with a protomer concentration of 1 lM,

unless it is stated. Spectra were corrected by subtracting the proper

baseline. Every chemical denaturation experiment was repeated

three times with new samples.

Thermal Denaturation Experiments. Thermal denaturations

at several pH were performed at heating rates of 60 K h21, and a

response time of 8 s. Thermal scans were collected in the far-UV

region at 222 nm in 0.1-cm-pathlength cells with a total protein

concentration of 1 lM. The possibility of drifting of the spectropo-

larimeter was tested by running two samples containing buffer,

before and after the thermal experiments. No difference was

observed between the scans.
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Fourier Transform Infrared Spectroscopy
The protein was lyophilized and dissolved in deuterated buffer at

the desired pH in D2O; no pH-corrections were done for the isotope

effects. Samples of GkNSAAR, at a final concentration of 125 lM,

were placed between a pair of CaF2 windows separated by a 50-lm
thick spacer, in a Harrick demountable cell. Spectra were acquired

on a Bruker FTIR instrument equipped with a DTGS detector and

thermostated with a Braun water bath at the desired temperature.

The cell container was filled with dry air.

Steady-State Spectra. Five-hundred scans per sample were taken,

averaged, apodized with a Happ-Genzel function, and Fourier

transformed to give a final resolution of 2 cm21. The signal-to-noise

ratio of the spectra was better than 10,000:1. Buffer contributions

were subtracted, and the resulting spectra were used for analysis. To

determine the amount of the secondary structure components, the

Amide I0 band in D2O was decomposed into its constituents by

curve-fitting (with a combination of Gaussian and Lorentzian func-

tions), by means of the number and position of bands obtained

from the deconvolved (with a Lorentzian bandwidth of 18 cm21

and a resolution enhancement factor of 2) and the Fourier deriva-

tive (using a power of 3 and a breakpoint of 0.3) spectra. Band

decomposition of the original Amide I0 has been described previ-

ously.62–64 Briefly, for each component of the band, four parameters

are considered: band position, band height, bandwidth, and band

shape. Thus, in a typical Amide I0 band decomposition with six or

seven band components, the number of parameters to fit is 24–28.

The number and position of component bands is obtained through

deconvolution and derivation, initial heights are set to 90% of those

in the original spectrum for the bands in the wings and for the most

intense component; and to 70% of the original intensity for the

other bands. Initial bandwidths are estimated from the Fourier

derivative; the Lorentzian component of the bands is initially set at

10%. The baseline is removed prior to starting the fitting process.

The iteration procedure is carried out in two steps as described.64

The mathematical solution of the decomposition may not be

unique, but if restrictions are imposed, such as: (a) the maintenance

of the initial band positions in an interval of 62 cm21; (b) the pres-

ervation of the bandwidth within the expected limits; or (c) the

agreement with theoretical boundaries or predictions, the result

becomes, in practice, unique. The fitting result is then evaluated by:

(a) overlapping of the reconstituted overall curve on the original

spectrum; and (b) examining the residuals obtained by subtracting

the fitting from the original curve. The methodology has also been

tested with well-characterized globular proteins. Besides, in some

proteins whose structure was resolved by X-ray diffraction after

obtaining the secondary structure by FTIR, a good agreement

between the results from both techniques was observed.65,66 The

Supporting Information Figure 4 shows a typical deconvoluted

FTIR band for GkNSAAR, in the absence of the ion.

The error in estimation of the percentage of secondary structure

depends on several factors, such as the noise,67 the parameters used

for the deconvolution, the least-square method of fitting (which

depends to some extent of the input parameters), or even the fact

that each frequency (peak) is assigned to a single element of second-

ary structure (see the work of Homblé and coworkers for a detailed

discussion on the factors affecting the percentages of secondary

structure obtained by FTIR68). These factors can explain the differ-

ences among the values obtained by CD and FTIR in GkNSAAR

(Table I) (and even, the CD deconvolution procedure is affected by

similar technical and methodological problems30).

We also tried to subtract the side chain contributions from the

original spectra (Supporting Information Figure 4) by using the

procedure developed by the groups of Ruysschaert and Gerwert,69,70

but in our hands, such procedure introduced distortions in the base

line of the spectra yielding poor fitting results (data not shown).

Thermal Denaturation Measurements. The samples were sub-

mitted to heating cycles at each temperature. The heating cycles

include: (i) a step-like increase in temperature; (ii) a stabilization

period of the sample (or plain buffer) in the cell at each tempera-

ture; and (iii) a period of spectral acquisition. The duration of a

complete heating cycle was �2.5 h, in which the temperature was

increased by approximately 5 K steps every 13 min. Fifty scans per

temperature were averaged.

Analysis of the pH-, Chemical- and Thermal

Denaturation Curves, and Free Energy

Determination
The pH-denaturation data were analyzed assuming that both spe-

cies, protonated and deprotonated, contributed to the (either fluo-

rescence or CD) spectra. The acid-base equilibrium equation was

used in the fitting of pH-denaturation data61:

X ¼ Xa þ Xb10
pH�pKað Þ� �

1þ 10 pH�pKað Þð Þ ;

where X is the physical property measured (ellipticity or fluores-

cence intensity), Xa is the one at low pH (acid form), Xb is that at

high pH (basic form), and pKa is the apparent pK of the titrating

group. The apparent pKa reported was obtained from three different

measurements, carried out with fresh new samples.

The GdmCl-denaturation curves were analyzed as described in

other three-state oligomeric proteins.34 Thermal denaturation data

were analyzed using a concentration-dependent two-state unfolding

mechanism to obtain the Tm, where it was possible
34; this value was

used only in a qualitative manner, and it does not imply that the

rest of the thermodynamic parameters can be obtained, since dena-

turations were irreversible at all pH explored. Fitting was carried

out by using Kaleidagraph (Abelbeck software) working on a PC

computer. When it was necessary, global fitting of the curves

obtained by different techniques was carried out with MATLAB.

Modeling and Sequence Analysis Studies
The GkNSAAR structural model was obtained with the Swiss-model

server,71,72 using the structure of DrNSAAR (PDB number: 1XPY)

as template, which has been solved at 2.3 Å resolution.14 The stereo-

chemical geometry of the final model was validated by PRO-

CHECK.73 Manual model building of the structures was performed

with Swiss PDB viewer71 and PyMOL.74 The conservation of each

residue among GkNSAAR and DrNSAAR was carried out using as

input the sequence alignment calculated with ClustalW,38 and the

model generated by the Swiss-model server into the ConSurf

server.39 For visualization, the conservation scores were written into
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the B-factor field of the GkNSAAR model coordinate file. An overall

average G factor of 20.2 was observed (G factor scores should be

larger than 20.5). Ramachandran plot statistics showed that 98.7%

of the main-chain dihedral angles are found in the most favorable

regions (data not shown). To estimate the theoretical Stokes radii of

a trimeric and tetrameric species, models were obtained manually

with Swiss PDB viewer,71 by using the fit command on the individ-

ual monomeric model of GkNSAAR over the real octameric struc-

ture of DrNSAAR. After energy minimization of the models with

the same software, HYDROPRO41 was used to calculate their RS.
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68. Homblé, F.; Rausssens, V.; Ruysschaert, J. M.; Grouzis, J.-P.;

Goormaghtigh, E. Biospectroscopy 1996, 2, 193–203.

69. Goormaghtigh, E.; Raussens, V.; Ruysschaert, J. M. Biochim

Biophys Acta 1999, 1422, 105–185.
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