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Doesf-Lactoglobulin Denaturation Occur via an Intermediate State?
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ABSTRACT. The denaturation ofi-lactoglobulin (BLG) in the presence of urea and GuHCI has been
investigated at different pH values with various spectroscopic techniques. The equilibrium denaturation
free energy values, obtained by linearly extrapolating the data to vanishing denath@st9), are
compared and discussed. The fit of the spectroscopic data monitoring the denaturation of BLG has been
approached, at first, with a two-state model that describes the protein transition from the folded state (at
each pH and in the absence of denaturant) to the denatured state, but in particular, along the GuHCI
denaturation pathway some evidence is found of the presence of an intermediate state. Time-resolved
fluorescence experiments performed on the BLANS (1-anilino-8-naphthalenesulfonate) complex help

to understand the results. Fluorescence polarization anisotropy (FPA) measurements accompanying the
denaturation process show the presence of a fast rotational diffusion of the ANS probe, and the data are
interpreted in terms of local fluctuations of a still structured tract of the denatured protein where the
probe is bound.

p-Lactoglobulin (BLG)! a 162-residue globular protein  dence on the nature of the denaturant agent and on the initial
present in large quantities in the milk of several mammals, state of the protein must be established. In fact, despite
belongs to the lipocalin superfamily. This family includes several denaturation studies performed on BLG, an inves-
transport proteins such as the retinol binding protein, the tigation performed on a well-defined BLG variant aimed at
odorant binding protein, and the major urinary protein, which clarifying the role of pH and the nature of the denaturant on
all share the common structural feature gi-aarrel calyx, the denaturation process is still lacking.
built from eight antiparalle]3-sheets, arranged as an ideal ~ The aim of the present study then is that of trying to shed
site for hydrophobic liganddl. During recent years, several some light on the action of denaturing agents according to
investigations have been performed on boyidactoglobulin their chemical composition and of the protein electrostatic
to elucidate its physiological role and its folding mechanism. charge (dependent on solution pH) in the transition from the
The spatial structure and conformation of the protein have native to the denatured state. Two different chemical
been determined in the native stale ), in the acid state  denaturing agents have been employed, urea and guanidine
(3, 4), and under alkaline condition®)( To gain insight hydrochloride (GUuHCI). The experiments have been per-
on the BLG folding mechanism, its denaturation process, formed in the acid state of the protein (pH 2.3), in its native
induced by both chemical agents and temperature, has beestate (pH 6.2), and in a condition where the protein has
studied by means of different techniques: ultrafiltration and already undergone the so-called Tanford transition (pH 8.3;

dialysis 6—7), tryptophan intrinsic fluorescencs,(9), cal- for the details of the transition see r26). Furthermore, to
orimetry 10, 11), NMR (12), differential UV absorption3, better understand the nature of the transition process,
14), density (5), and, mainly, circular dichroismlg—24). differential UV absorption, circular dichroism, and steady-

The most recent of these works were aimed at determining state intrinsic fluorescence have been joined by lifetime and
whether the BLG denaturation mechanism can be adequatelyfluorescence polarization anisotropy measurements of ANS
described by a two-state model @4 U), as suggested by  (1-anilino-8-naphthalenesulfonate) bound to BLG. These
circular dichroism 24) and NMR (L2) measurements on the techniques give useful information on protein conformational
BLG acid state, or whether a more complex unfolding variations localized near the binding sites and on “effective”
pathway, with different intermediate stegal{-22, 25), is protein “local” dimension changes induced by the denaturing
necessary. To obtain a more detailed description of the agents. BLG is reported to possess two different binding sites
transition from the native to the denatured state, the for the probe ANS: an “external site”, in proximity of an
thermodynamic parameters of the process and their depenhydrophobic patch on the protein surface, and an “internal
site”, located in the BLG calyxX7). The results have been
first analyzed by means of a two-state model to describe the
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MATERIALS AND METHODS are known to cause relevant changes in protein spectral
properties 27). To keep the pH value (and the protein charge)

Lyophilized bovine -lactoglobulin, genetic variant B constant. acid ali .
: . . . , guots have been added to the solutions. Two
(Sigma Chemical Co., lot 13H7150), was dissolved in the different acid solutions have been employed: 1 M HCI,

proper buffer at the desired concentration. ANS ammonium which leads to the presence of Gbns in solution, and 85%
salt was purchased from Fluka Chemical Co. Protein and wiw HsPO,, which is the same acid employed i,n the buffer
g?:)eyifmgnfheentrzfglg?se%?nr;ig;]eccci(:f?icri):r%t%rpfrtlrelcggio%tiir:_ preparation and, therefore, should not alter solution chemical
N o properties. The resulting protein samples at pH 2.3 are
— 1 1 — 1 1
peakezgo = 17600 cm™ M~ and esso = 5000 en* M, labeled as “acid hcl” and “acid hpo”, respectively.

respectively. ) Differential UV absorption measurements were performed
_ Ph_osphate buffers employed in the denatura_nt agent, 25°C in the 216-500 nm range in a 10 mm path-length
titration were the following: HPOJ/NaOH, pH 2.3, ionic  guartz cell (Hellma) on samples containing increasing

strengthl = 0.007 M; KHPO,—N&HPQ,, pH 6.2, =0.010  genaturant concentrations by employing a Perkin-Elmer
M; KHZPO4—NaQHPO4/NaOH, pH 8.3 = 0.010 M. Lambda 2 spectrophotometer. Spectra of both the protein
All of the reagents used in the sample preparation were and the corresponding buffer were recorded, and the latter
of analytical grade. was subtracted from the former to resolve the information
The different experiments were performed in the presence concerning the BLG spectral response. The resulting spectra
of urea and GUHCI at concentrations ranging from 0 to 8 M were normalized for protein concentration, and the difference
and to 0 and 5 M, respectively. Fresh samples were preparedspectra between the unperturbed state (0 M denaturant
at each denaturant concentration by employing denaturantconcentration) and the increasing concentration of urea and
stock solutions at the chosen pH. In the time-resolved GuHCI were calculated. Particular attention was given to the
fluorescence measurements each denaturant concentratiogifferential absorption at 293 nm (averaged between 292 and
was prepared at least twice to check for data reproducibility. 294 nm) versus denaturant concentration, where the main
Experiments versus ionic strength were performed by contribution to the absorption spectrum is due to the protein
employing different samples for each ionic strength value, tryptophans 13).
and the ionic strength of the solution was obtained by adding  Circular dichroism (CD) spectra in the near-ultraviolet
to the protein solution proper aliquoté2M NaCl prepared  (UV) at wavelengths from 240 to 350 nm and in the far-UV
in the desired buffer at the chosen pH. The BLG concentra- from 200 to 250 nm were recorded at 25 by a Jasco 500-A
tion was kept constant during each measurement and equagpectropolarimeter. The signal was averagee 8D times
to about 4QuM for the differential UV absorption, near-UV  at each wavelength. Due to the high absorption of the

circular dichroism, extrinsic ANS bound fluorescence, and denaturant at wavelengths below 205 nm, the far-UV CD
time-resolved fluorescence measurements. In the far-UV signal down to 200 nm was taken only at lower urea or

circular dichroism and intrinsic fluorescence measurements GuHCI concentrations<{1.5 M). These spectra were em-

the protein concentration was equal to aboyths. In the ployed to monitor the secondary structure content of the
fluorescence experiments the ANS concentration was con-samples and to follow the early steps of the denaturation
stant and equal to about:BM. process.

Circular dichroism measurements in both spectral regions ~ Steady-state measurements of BLG intrinsic fluorescence
were performed versus the time elapsed from sampleand of ANS fluorescence were performed at°Z5with a
preparation, from 10 min to 48 h, in the presence of different Perkin-Elmer 650-40 spectrofluorometer. Protein tryptophans
denaturant concentrations (4 and 7.5 M for urea and 2 andintrinsic fluorescence was excited at 295 nm and collected
4.5 M for GUHCI), and no significant change was detected between 310 and 400 nm through a 305 nm long-pass filter
in the CD spectra. Measurements were performed about 10(Andover Co.) in order to cut Rayleigh and Raman scattering.
min after sample preparation, typically, but neither sample The intensity of the BLG-ANS complex fluorescence at 480
incubation at the different denaturant concentration nor the nm was detected after excitation at 350 nm using a 435 nm
time elapsed from sample preparation to measure was foundong-pass filter (Andover Co.). To compare results obtained
relevant. at different times, a fluorescent standard sample was

GuHCI and urea stock solutions were prepared by diluting employed as a reference.
proper amounts of the denaturant powder (Sigma Chemical Fluorescence lifetimes were measured by means of a
Co.) in the desired buffer. Due to the high hygroscopicity modulation fluorometer (ISS, K2). The excitation was
of these denaturants the final solution concentration was accomplished by the 351 nm line of an argon ion laser at 80
verified by measuring the solution refraction index by means mW power (Spectra Physics, 2025). For further details, see
of an Abbe refractometer having precision of the third ref 32. Digital data acquisition and storage were provided
decimal point and corresponding to a concentration uncer-by the ISS-A2D ACD card inserted in a personal computer.
tainty equal to about 0.05 M. Solution parameters, such asFor each data set, at least 15 logarithmically spaced frequen-
density, refraction index, or viscosity, were obtained from cies were employed in the range-280 MHz with a cross-
the literature (refs30 and 31 for GuHCI) or by direct correlation frequency of 80 Hz. The reference sample was a
measurements. Samples prepared at acid pH employing ureaolution of glycogen in bidistilled water. Both in steady-
stock solutions showed a small increase in the pH value (upstate and in dynamic measurements, the cell was thermostated
to pH 2.8) when the denaturant concentration was increasedat 20+ 0.5 °C. Data fitting was accomplished by means of
The absence of variation in the protein charge value during a least-squares minimization procedure based on Marquardt
the denaturation process is taken as a key factor for thealgorithm. Fluorescence lifetimes were analyzed in terms of
correct analysis of the experimental data, since pH variationssums of three discrete exponential components, with the
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lifetime valuesr; and their corresponding fractional intensities R
fi as unknown parameters, according to the expression: o~ ; 1300
g
—(t/17) XiTi .—o 10
1)) =5 xe ™" and f=— S
D XT < {-500
wherex; represent the preexponential factors. The lifetime E 1-1000
of free ANS was kept constant at a value of 0.26 ns since it Q .
was found to be independent of denaturant concentration. = gn 11500
Concerning fluorescence polarization anisotropy (FPA) 3 * 1 2000

data, the protein and probe concentration values and the 0o ";"‘5 0133 45¢73
corresponding association constant values support the as- GuHCI(M) urea (M)
sumption that each protein molecule has at most one bound _ )

ANS (33). It is therefore possible to separate the FPA FiGure 1: Absorption difference at 293 nm between the sample

L . . without denaturant and that containing increasing concentrations
contributions of the ANS bound at the internal sitg(t), of GUHCI (left) or urea (right). The absorption spectra have been

where it is supposed to signal 0n|y.the global protein motion, normalized for protein concentrations. The different symbols refer

from that bound at the external site(t), where, due to a  to different solution pH values. For GUHCI: pH 2.3, triangles; pH

lower binding rigidity, wobbling-like motions are likely, and 6.2, circles; pH 8.3, diamonds. For urea: acid hpo, squares; acid

from that of the free dye in solutiom(t): hcl, triangles; pH 6.2, circles; pH 8.3, diamonds. Dotted lines
- represent data fitting by means of eq 2.

3

rit) = Zri(t)xie Y @ of GUHCI (left side) induces an increase of the differential
= absorptionAe which, although more pronounced in the acid
with ri(t), r2(t), andre(t) having the expressions: sample, can still be detected at pH 6.2 and also in the alkaline
sample. At higher GuHCI concentrations a sharp decrease,
ry(t) = roe’('“C) corresponding tcAe = —1500 Mt cm™%, is detected. In

the presence of urea at low denaturant concentratiors

_ —(t/ze) _ (/) nearly constant, whereas a decrease is detectable at higher
ra(t) = ro(xce 1 =xJ)e ™) concentrations (Figure 1, right). From the figure GuHCI
—(zy) appears to be a more effective denaturant agent than urea,
rat) =ree as can be found also by the location of the midpoint

) ) o ) ) concentration values of the transition from the native to the
7w IS the probe wobbling-like timexc is the overall protein denatured state 2 molar shift at midpoint). For both
rotational time with relative amplitude:, andzs is the free genaturants the acid state is the most stable one against
dye correlation time. The measured probe rotational ime in chemjcal denaturation. In particular, in the presence of urea
solution (atT = 20 °C, wherey = 1 cP) and in the absence  {he addition of HCI to fix the pH of the acid sample lowers
of denaturantg i830= 85 ps. The rotational correlationtime ¢ protein stability, as can be seen by comparing the
of free ANS in the presence of denaturants, was kept  genaturation profiles for the acid hpo and acid hcl samples.
fixed and equal to the product ofoand the relative viscosity | the presence of GUHCI the protein stability is lowered by
of the sample. increasing pH. Concerning urea, instead, the stabilities at pH
RESULTS AND DISCUSSION 6.2 and 2_3.3 become c_Ioser, with t_he alkaline state sl_ightly

more resistant to protein denaturation as found also with the

Two different probes have been chosen to investigate thetechniques discussed below.

BLG denaturation process, tryptophans (intrinsic) and ANS  In Figure 2A the near-UV circular dichroism signal at 293
(extrinsic). Since the two Trp residues have different nm is reported. This wavelength was chosen since it
locations in the protein, one (Tig) being located at the  corresponds to a strong signal of the tryptophans which are
bottom of the BLG hydrophobic calyx and the other @Jp known to monitor the rigidity of their environment inside
on the protein surface, by following the Trp response one the protein molecule. The ellipticity values in the absence
can derive some average property change of the proteinof denaturant, in agreement with previously reported data
during denaturation. On the other hand, fluorescence data(27), larger for the native state @].93 ~ —100 deg crf

of the ANS probe complexed to BLG are expected to yield dmol?), are reduced at pH 2.3 t@®]23 ~ —70 deg cm
information on how the probeprotein interaction (binding  dmol*. Concerning the denaturation induced by GuHCI (see
sites and binding affinity) changes upon denaturation. The Figure 2A, left), at pH 6.2 no significant signal change occurs
techniques employed here (near-UV circular dichroism, UV until the denaturation process starts. For the acid state sample,
differential absorption, and UV fluorescence of Trp) monitor instead, at low GuHCI concentrations the CD signal is
the protein structural changes occurring in the environment enhanced up to the value observed for the pH 6.2 sample
of the intrinsic probe, while steady-state and dynamic while a similar change, though weaker, can be detected for
fluorescence are employed to monitor the response sensedhe alkaline sample. When the denaturation is completed the
by the extrinsic probe ANS. CD signal is lost. In the presence of urea, on the other hand

BLG Denaturation Monitored by Trp Residu&sfferential (see Figure 2A, right), the CD signal changes are due to
absorption measurements of BLG at 293 nm versus denatur{protein denaturation only. Protein denaturation has been
ant concentrations are shown in Figure 1. At first the addition followed also by far-UV ellipticity at 222 nm (Figure 2B).
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bt . : -7000 FIGURE 4: Left: Absorption difference of the pH 2.3 BLG sample
0123 45012345678 in the presence of increasing amounts of NaCl. Right: CD signal
GuHCI (M) urea (M) at 293 nm of BLG samples in the presence of increasing amounts
FiIGURE 2: Circular dichroism signal at 293 nm (upper panels, A) ©f NaCl. Symbols are as in Figure 1.
and at 222 nm (lower panels, B) versus denaturant con(:entrationth Hd d fth it t lectrostati
(GuHCI, left, and urea, right). Symbols are as in Figure 1. ep epgn en'ce 0 .e resuits SqueS s ane e_C rostatic
component in the interaction of GUHCI with the protein. The
—_ Ry o§882a]355 observed spectral properties at Iqw GuHCI concentrgtion
g e i 2% 30 suggest the onset of a conformational change opposite to
o) * i HECON that induced by denaturation. Furthermore, in the case of
a Do ] N ,‘A ! P45 urea solutions, when HCl is present, the @n is found to
F R é‘,’é_.‘ _’g' 1340 decrease protein stability. To test the role of @ns on
pre 2ol ass fmsafansar” 335 protein conformation, we have performed a spectroscopic
750 1000 investigation on BLG samples in the presence of increasing
g o % 00 amounts of NaCl. The data show (see Figure 4) that the effect
£ 600} ° ° e of addition of NaCl is similar to the addition of GUHCI (at
@ o, o . 1900 molarity lower than 2; see Figures 1 and 2). In particular,
B~ 4500 o ° % near-UV CD data (Figure 4, right) show that both NaCl and
° f’ oo GuHCI induce an increase of the rigidity of the Trp
R R BN R environtrn(etpt. Tpeﬁeégg}mlzipcreazelofft BLG bverslu:st (ﬁlt
concentration a . igure 4, left) can be related to a
GuHCI(M) urea (M) pH 2.3 (Fig )

higher protection against solvent exposure. Far-UV CD data
FiGURe 3: Top: Peak emission wavelength of the BLG tryptophan show that the BLG secondary structure remains unchanged
I!uoreBsc?tncg Spﬁcgaévgiéjs. ?.“H.Cl f(lleﬂ) and urea (right) conf%gt;a-m this range of salt concentrations (data not shown).
r:criwn.verosuosn:ieﬁaturént cong]ez?rit(i:ongosrsfr?gglgea?;nsg%nFz?gure 1 Furthermore, the .Trp fluorescence intensity initial increase
versus GuHCI (Figure 3, lower panels) suggests a change

The absolute value of the CD signal falls during the of the environment of the inner Trp. The suppression of the
denaturation process, but the remaining signal found at theouter Trp quenching9) should play a minor role since the
largest denaturant concentrations suggests that appreciabl§luorescence intensity increase is not accompanied by a red
secondary structure is still present. No evidence is found for shift in the peak emission wavelength, a typical result of
non-native secondary structure intermediates at equilibrium Trp emission when transferred to an aqueous environment.
to the contrary of what detected by kinetic measurements BLG Denaturation Monitored by Bound ANBrevious
(21—23, 25). fluorescence studie®, 33) have shown that ANS bound

When BLG tryptophan intrinsic fluorescence is measured to BLG has a double exponential decay, which have
versus denaturant concentration information can be obtainedsuggested the presence of two binding sites with different
from the peak wavelength shift and from its intensity. The exposure to the solvent. As report&¥) the two sites have
peak wavelength, reported in Figure 3, upper panels, shiftsthe same occupancy probability since very close (20% of
from the native state value, 335 nm, to the denatured solvent-difference at most) binding affinities for ANS were found
exposed state, 355 nm. The fluorescence intensity (shownover a wide range of pH and ionic strength conditions. It
in Figure 3, lower panels, for the pH 6.2 sample) shows an appears of interest to study how the lifetime values can
initial increase at low denaturant concentrations (more monitor the denaturation process. It was found that at both
pronounced for GuHCI samples), followed by a decrease low and high denaturant concentrations and for all the
attributed to the exposition of the Trp residues to the polar investigated samples, bound ANS retains its double expo-
solvent. Denaturation profiles obtained by CD and fluores- nential decay as shown in Figure 5. This is taken as a clear
cence measurements confirm the results obtained with UV evidence that the two distinct binding modes, found for ANS
absorption. in native BLG @7), persist during denaturation. Large

From these data, Figures—B, one finds that protein  decreases, about 50%, are observed for both of the lifetime
stability strongly depends on pH, being larger where the net values ¢, the longer, and,, the shorter) versus denaturant
protein charge is positivé84). The two denaturants, although at each pH value. The differences reside in the initial slope
leading to the same (apparently) denatured state, are foundf the denaturation profile: in particular, the longer lifetime
to affect BLG stability in different ways, and in particular, is shown to decrease more slowly in the pH 2.3 state than
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Ficure 5: ANS bound to BLG lifetimes versus denaturant concentration (GuHCI, left, and urea, right). In the panels are shown both the
longer (circles) and the shorter (triangles) bound ANS lifetimes. For urea: acid hpo, filled symbols; acid hcl, open symbols. Dotted lines
are the best fitting curves according to eq 2.

in both the pH 8.3 and the pH 6.2 samples. At high 30
denaturant concentrations two distinct lifetimesaround bs

6—7 ns andr; around 1 ns, are found, independent of pH o

and denaturant nature (urea and GuHCI), thereby suggesting SN {12 l20

similar protein unfolded states in the two instances. The oo i‘:_m-— S '--léé --------- dimer/

presence of the two lifetimes at these extreme conditions g f : monomer ii_g!-:‘;g," ;5% 115

indicates that the ANS environment maintains some pecu- & Y "‘""’"-’."‘-1"-_""'

liarity of the native state even when BLG is largely unfolded I ;“-,;._ L (10

as inferred from far-Uv CD data. In agreement with some I LT 5

earlier findings, these “still structured” regions should be el

located in the proximity of the disulfide bridges, which are R LR EE

known to persist even in the denatured conformation and (M urea (M)

which confer some constraints to the unfolded state by GuHCI(M)

making it a cross-linked random coi8%). More in detail, FIGURE 6: Longer ANS bound to BLG rotational correlation time
one of the two disulfide bridges of BLG (Cys—Cysi10) versus denaturant concentration (GuHCI, left, and urea, right).

L . Values reported in the figure are obtained by fitting with the eq 1
connects thgG andfiH strands inside the BLG hydrophobic FPA curves. Symbols are as in Figure 1. Dot-dashed lines enlighten

calyx where ANS is supposed to bind. In particular, this GH the rotational correlation time values for ANS bound to the BLG
strand is shown to be both the first strand to fold and the dimer and monomer.

most resistant versus protein unfoldird), thereby preserv-
ing part of the protein hydrophobic core to which ANS is affinities for the external site versus denaturant are mainly
bound. affected by ionic screening and do not show denaturation
From the denaturation profiles of ANS lifetime (Figure steps. This agrees with the expectation that the external site
5) the transition midpoint appears to depend on pH and has a nonspecific (i.e., mainly electrostatic) interaction with
denaturant nature, in agreement with other findings (see ANS, contrary to that of the internal site whose nature is
Figures 1-3). Again, at low GuHCI concentration the ANS certainly affected by structural changes of the protein.
lifetime has an initial drop which is much more pronounced Interesting information on the BLG global conformation
than that with urea. The lifetime decrease can again beduring the denaturation process can be gained by measuring
correlated with that found in the presence of NaCl as the FPA of the bound probe ANS. The experimental data
previously reported 7). In particular, according to a  have been fitted with eq 1, as described in the Materials and
procedure previously describe?i7], by combining lifetime Methods section, and the rotational correlation times obtained
and fractional intensities, one can extract the values of thefrom the fitting procedures are reported versus GuHCI (left)
ANS to BLG binding constants. We notice that upon or urea (right) concentration in Figure 6. From the FPA data
denaturation the binding affinity of ANS for the internal site it is then possible to learn about the aggregation degree of
drops by about 2 kcal/mol at pH 2.3 and about 1 kcal/mol BLG. In the absence of denaturants BLG aggregation
at pH 6.2 and 8.3 from the values of 4.8, 3.5, and 3.9 kcal/ depends on pH: BLG is found to be essentially monomeric
mol, respectively, in the absence of denaturant. The binding (zc ~ 12 ns) at pH 2.3 and 8.3 and at the concentrations
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Table 1: Thermodynamic Parameter Values As Deduced from the Different Experimental Data Fitting Performed by Employing Eq 2

GuHClI
pH 2.3 pH 6.2 pH 8.3
techniques m Cid AGpH0 m Gid AGpH° m Cnid AGpM:°
diff abs 3.9 34 13.4 2.5 2.7 8.4 3.2 2.3 7.6
CD 222 3.8 35 13.0 3.3 2.9 9.5 3.0 2.0 5.9
CD 293 4.4 35 15.2 2.5 2.7 6.9 3.4 2.0 6.9
Amax 4.6 3.3 15.2 3.2 3.0 6.7 3.9 2.1 8.3
mean 4.2+ 0.4 3.4+0.1 14.2+1.2 29+ 04 2.8+ 0.2 7.9+ 1.3 3.4+ 0.4 21+ 0.1 7.2+ 1.0
urea
acid hpo acid hcl pH 6.2 pH 8.3
techniques m Chid AGpM:° m Cid AGpM:° m Cid AGpM° m Cid AGpM:°
diffabs 1.6 5.8 10.8 1.5 4.4 7.9 0.9 4.1 3.7 1.1 3.5 4.0
CDh?222 1.7 55 9.6 1.3 4.7 6.0 0.7 35 2.3 1.5 4.4 6.4
CD293 22 5.7 12.6 1.8 4.3 7.7 0.6 2.1 1.4 1.4 3.6 5.0
Amax 1.3 6.4 8.3 2.0 4.7 9.5 1.3 3.2 4.3 1.0 4.0 4.1

mean 1.740.4 585+0.3 10.3+1.8 1.6+0.3 45+£0.2 7.8+1.4 0.9.:|: 0.3 3.2£0.8 29+1.3 1.2+£0.2 3.9+04 49+1.1

a1n the table are reported the value of theparameter (kcal mol M 1), the transition midpoint concentratioBmia (M), and the conformational
stability of the protein AGpH° (kcal moi™t) obtained from the denaturation profiles measured with the different spectroscopic techniques.

used here, while it is mainly in its dimeric formd ~ 17 fractions, respectivelyfy + fo = 1. The denaturation
ns) at pH 6.2. The rotational correlation time increases at equilibrium constantp, and the corresponding free energy,
low GuHCI concentration up to values larger than those AGp, are given by the equation:

found for a BLG dimer, suggesting a higher aggregation

degree. The same behavior has been observed in the presence _ aegrr_o_ €&

of urea at pH 6.2. Aggregation, however, is lost upon Kp=e _f__m

unfolding since the value of the rotational correlation time N P

decreases versus denaturant concentration down to valuegya yajue ofAGp at zero denaturant concentratidxGoH2,
much shorter than that expected for the monomer. The value. pe derived from the widely used linear extrapolation
of the correlation time at high denaturant concentratien, ., 4e| (LEM) obtainingAGp = AGpH® — mGen with

~ 3—4 ns, is very likely to be due to a segmental motion of AGpH0 = MGy, Where Cyen and Crig are the denaturant
the residual structured regions of the protein where ANS can 4,4 the transition midpoint concentrations, respectively.

still bind, as already discussed. A rotational time ef43ns, Accordinaly. the denaturation profiles were analvzed b
if attributed to a rigid BLG, would lead to the absurd employing ?h)(la, equation: P 4 4

conclusion that the denatured state is more compact than the
native one. In fact, if BLG retained its globular shape during £+ Coe ACRT e o (AGOO-mCye)/RT
denaturation, the observed 3-fold decrease of the rotational E= N D =N b )
correlation time would mean a protein radius #/3- 0.7 1+ g ACRT 1+ g (AC" - mCed/RT
times smaller than that of the monomer, since the rotational
correlation time is proportional to protein volume. Elongated  The fitting curves, obtained by adding, when necessary,
(ellipsoidal) conformations would lead to rotational correla- proper baselines to the model, are shown in Figure3, b,
tion times larger than those observed, whatever the choserand 6 as dotted lines. The valuesmof Cy,q, and AGpH°®
axial ratio, and therefore they can be ruled out. Preliminary are reported in Table 1 for the different spectroscopic
small-angle X-ray scattering experiments on BLG solutions techniques. The data in Table 1 show that in the presence of
in the presence of GUHCI and urea support our data on ANS GuHCI theCyq values are lower and the slopesand the
fluorescence. In fact, the BLG radius of gyration derived at AGpH° values are larger than in the presence of urea. These
high denaturant concentration gives a value correspondingfindings are in agreement with the assumption that ionic
to a mere 2-fold increase of the protein volume (P. Mariani denaturants are more effectiveg( 29, 36), probably due to
and F. Spinozzi, personal communication), indicating that the higher propensity of GUHCI to form hydrogen bonds with
the denatured protein, though somehow expanded, still retainghe protein 15, 37). The protein stability dependence on pH
a fairly compact conformation. Further refinements on this agrees with the visual inspection of the denaturation profiles
analysis yielding information on the number of the rigid discussed above. Furthermore, by comparing the two pH 2.3
portions of the protein and their average dimensions will be samples in the presence of urea, it is found that thei@i
the subject of a forthcoming paper. lowers the stability of the protein structure sink& changes
Thermodynamic Data AnalysiShe denaturation profiles  from about 10 to about 8 kcal/mol.
can be analyzed by assuming a two-state model which The values ofCnjy found here at pH 6.2 are substantially
describes the transition from the native to the denatured statein agreement with what reported by Creamer and by Galani
Given an observablg, the formalism generally used states et al. ©, 14) for BLG at pH 6.7 (sodium phosphate buffer,
that ¢ = Cnfy + Cpfp, wherely and {p are the values  about 100 mM ionic strength) and pH 7 (sodium phosphate
corresponding to the native and to the denatured state,buffer, about 50 mM ionic strength and 26), respectively.
respectively, andy and fp represent the relative protein  Higher m, and thereforeAGp™° values, instead, could be
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attributed to the different pH of the examined samples. The 1.6 10
value of AGp™° found in the present work at pH 2.3 acid

hcl is in agreement with that measured by Lapanje and co- L4r

workers (3, 38), who found, for a solution of a mixture of 12t ~~
BLG A and B genetic variants (pH 2, glycingdCl buffer, ' =
37°C), avalue of 8.84£1.3) kcal/mol, and by Ragona et al. s 10| K
(12), who found, from NMR measurements on BLG (pH »
2.1, phosphate buffer, 37C), a value of 8.3 £0.9) kcal/ 08 <
mol. The experiments of Galani et all4) support the o6l

findings for this sample in the urea-induced denaturation )

since at pH 2.6 in a glycine buffer at 2& they found a 0.4 . . s 0
value ofm equal to 1.8 £0.1) kcal/(mol M), aCpiq value 0 z 4 6 8
equal to 4.6 M, and a\Gp"-° value of 8.1 ¢0.5). The denaturant concentration (M)

different values .Of the thgrmgdynamic parameters could Fgure 7: Simulations of three-state denaturation profiles obtained
perhaps be ascribed to their different genetic variants or to by varying the values oy, andCN',q values: dot-dashed lines,
the different protein purification procedures. 3.0 kcal mot* M~tand 2.5 M; dotted lines, 0.6 kcal malM~*

el | . 5
The denaturation profiles obtained with urea are well ?.ﬂg %ésfe’\r/léﬁgﬂ/g?ueess' gfsﬁ?gémMheaggsle}%yﬁggf‘f%[y'
described by a two-state model. On the other hand, it hasg = 1.5 andg, = 0.5: the values ofp and CP,q have been
been shown that in the case of GUHCI the use of a baselinekept constant and equal to 3 kcal mbM~1 and 5 M, respectively.
was necessary in order to obtain a satisfactory descriptionThe symbols N, |, and D refer to the native, the intermediate, and
of the experimental data at low denaturant concentration. In the denatured state free energy levels, respectively. The free energy
this region the spectroscopic properties of BLG (Figures right axis is in arbitrary units.

1-3) display a trend opposite to that observed when full

denaturation takes place. A similar behavior has also beenstate with fractiorf,. The fit of protein denaturation data is
detected when NaCl is added to BLG solutions. This obtained by the equation:

similarity suggests that BLG in the presence of a denaturing

ionic agent, such as GUHCI, may go through an intermediate &= ¢ (o — gl)e—AGo/RT

ionic state | before reaching the full denatured state. The | £ =
state, although characterized by a secondary structure very
close to that of the native state, shows a larger rigidity of
the tryptophan environment (Figures 1 and 2) whose differ-
ence from that of the corresponding native state depends o ! D )
the number of charges on the protein. This intermediate state XG0 = Mo(CPmia — Caer). The free energy difference for
does not seem to be directly related to the denaturationt® Overall processiGp, given by the sum oAGy and
process per se, but it is rather attributed to electrostatic effects*Cio» should be smaller than th&Gp value for the two-
involving the charge on the protein and the ions in solution. St&te model, sincaGo(two state) corresponds G, while

In fact, the transition to | is more evident the more the protein 2Cni iS described by the baseline. Some simulations of
is charged (i.e., for pH= 2.3), since the effect of adding the denaturation profiles are shown in Figure 7 at different
ions to the solutions is that of screening the electrostatic values of the parameters controlling the native to intermediate

repulsion among charged residues, allowing the protein to Stte transition. The value ofi appears to be relevant in
assume a more rigid conformation. These observationsd€t€rmining the denaturation profile at low GUHCI con-
suggest also that the free energy difference of denaturationCentrations. In particular, Oﬂly simulations withy lower
from the intermediate state is larger than that from the native than about 0.6 kcal mot M™* allow a reasonable descrip-
state, as shown in Figure 7. The existence of the | state couldlion of the data, while the curves are much less sensitive to
also explain the differences found in the denaturation free C mis» @ value which determines uniquely the concavity of
energy values for GUHCI and for urea. A three-state analysisth€ initial portion of the curve. Despite the qualitative

of the thermodynamic parameters involved in the denatur- character of the analysis, the curves can reproduce the UV
ation transition requires differential absorption and near-UV CD data, which are then

compatible with a three-state transition. We recall that
f this intermediate state may be not intrinsically related to
K =g = g AGN/RT the denaturation pathway, since not detected by urea
N denaturation, but rather it appears related to the ionic nature
f of the denaturing agent.
K. = D _ efAGm/RT
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+¢

1+ @ AGWRT | ~AGORT ' 4 | ~AGW/RT | ~AGo/RT

The next step is that of adopting the linear model both
dor AGy and for AGpj, AGni = mMy(CVmia — Caen), and
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