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Abstract

The KM+ lectin exhibits a novel and unusual circular dichroism (CD) spectrum that could be explained by a high
proline content that would be inducing deformation of the B-structure and/or unusual turns. KM+ was shown to be
a very rigid lectin, which was very stable under a broad variety of conditions (urea, guanidine, hydrolysis, pH, etc.).
Only incubation for 60 min at 333-338 K and extreme basic pH were able to induce conformational changes which
could be observed by CD and fluorescence measurements. Data from CD are typical for protein denaturing
associated with changes in the overall secondary structure. Data from high-performance size exclusion chromatogra-
phy (SEC) showed that the denatured forms produced at pH 12.0 are eluted in clusters that co-elute with the native
forms. A significant contribution from the tyrosines to the fluorescence emission upon denaturation was observed
above 328 K. In fact at 328 K some broadening of the emission spectrum takes place followed by the appearance of a
shoulder (approx. 305 nm) at 333 K and above. The sensitivity of tryptophan fluorescence to the addition of sugar
suggests a close proximity of the tryptophan residues to the sugar binding site, K, =(2.9 + 0.6) X 10> M~!. The
fraction of chromophore accessible to the quencher obtained is f, = 0.43 + 0.08, suggesting that approximately 50%
of the tryptophan residues are not accessible to quenching by b-mannose. KM+ thermal denaturation was found to
be irreversible and was analyzed using a two-state model (N — D). The results obtained for the activation energy and
transition temperature from the equilibrium CD studies were: activation energy, E, =134 +11 kJ/mol and
transition temperature, 7,, = 339 + 1 K, and from the fluorescence data: E, = 179 + 18 kJ /mol and 7,, =337 + 1 K.
Kinetic studies gave the following values: E, = 108 + 18 kJ /mol and E, = 167 £ 12 kJ /mol for CD and fluorescence
data, respectively. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

In recent years a strong stimulus for the study
of lectins, a very diverse class of proteins, has
appeared as a result of their ability to bind
monosaccharides and oligosaccharides with high
affinity and specificity. They are present in an
extensive range of organisms (from viruses and
plants to humans) and are able to mediate several
biological events such as the recognition of
molecules present in membranes or in the extra-
cellular matrix. The lectins have been classified
into families, according to their monosaccharide
binding specificity. This property has found
widespread application in probing the architec-
ture and dynamics of cell surface carbohydrates
during cell division, differentiation and malignan-
cies as well as in the isolation and characteriza-
tion of glycoconjugates [1-3]. As an example, in
higher organisms members of the galectin family
serve as receptors for B-galactoses and have a
role in modulating cell-cell and cell-matrix inter-
actions [4,5]. Due to their specificity and selectiv-
ity in the binding of carbohydrates, lectins have
been used as tools in several studies of molecular
mechanisms in biological systems [2]. On the other
hand detailed studies of their properties and
molecular structures have been of intensive inter-
est in the design of carbohydrate-based therapeu-
tic inhibitors of lectin-mediated interactions [6,7].

Two lectins which show interesting biological
properties, jacalin and KM+, have been isolated
from the seeds of Artocarpus integrifolia [8-10].
Jacalin is an important biotechnological tool due
to its unique ability to specifically recognize IgA
from human serum and milk [9] and its interac-
tion with specific regions of CD4 thereby causing
an inhibition in HIV-infection in vitro [11]. KM+
lectin directly induces neutrophil migration ‘in
vivo’ (into the peritoneal cavity or into the air
pouch of rats) and ‘in vitro’ (human neutrophils),
agglutination of human red blood cells and prolif-
eration of Balb/c mouse spleen cells as described
earlier [10]. Recently, it was observed that the
carbohydrate recognition site is responsible for
the binding of KM+ to connective tissue and
vascular endothelium [12]. Based on SDS-PAGE
(sodium dodecyl sulphate-polyacrylamide gel

electrophoresis) and isoelectric focusing data
KM+ is composed of four monomers, held
together by non-covalent bonds [10] and recently
the complete primary structure of KM+ was ob-
tained and a molecular weight of 64 kDa for the
tetramer was established [13]. It is an acidic lectin
possessing two tryptophan and seven tyrosine
residues per monomer, and comprising 38% hy-
drophobic amino acids, 9.2% proline and 1.8%
carbohydrate (w/w) [10]. Its biological activities
were inhibited by monosacharides a-D-mannose,
a-D-glucose and a-methyl mannoside [10]. Crys-
tals of KM+ have been obtained which belong to
the orthorhombic system with space group C222,
[14].

In the present studies we demonstrate KM+ to
be a very rigid lectin, presenting an unusual circu-
lar dichroism spectrum and secondary structure,
and describe its stability under elevated tempera-
tures, in the presence of chaotropic agents and at
high values of pH. We also report the association
constant for sugar binding, thermodynamic and
kinetic parameters (E,, activation energy and T,,,,
transition temperature), and the native and dena-
tured forms isolated by molecular filtration, on
high-performance liquid chromatography (HPLC)
and monitored by circular dichroism (CD) and
steady-state fluorescence.

2. Material and methods

2.1. Large scale purification, characterization and
biological activity of lectin KM+

A crude extract of Artocarpus integrifolia seeds
was prepared as described earlier [10] but scaled
up 10 times. Characterization of KM+ (obtained
after affinity chromatography on the Sepharose
D-mannose column) and fKM+ (obtained after
molecular filtration of KM+ on the Superdex 75
Hiload 16 /60 column) was made by SDS-PAGE
and amino acid analysis as described in Santos-
Oliveira et al. [10]. The affinity chromatography
on Sepharose D-galactose and Sepharose D-man-
nose proved to be an efficient procedure for
preparative scale purification of KM+ and gel
filtration on Superdex 75 HL 16 /60 (fKM+ ) was
useful for checking the molecular weight. The
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yield was similar to that previously reported, ap-
proximately 2% of the total protein of the crude
extract. The amino acid composition and elec-
trophoretic data of the fractions denoted KM+
and fKM+ were very similar to those previously
described [10]. Protein concentration was de-
termined by amino acid analysis.

Biological activity was monitored by agglutina-
tion of human red blood cells of group AB or O
(100 wl, 2% in PBS, phosphate buffered saline)
by incubation with 100 wl of KM+ and fKM+
(250 pg protein) for 30 min at 295 K. Agglutina-
tion, visible to the naked eye, was taken as a
positive assay. The biological activity after purifi-
cation, both before and after spectroscopic assay
was monitored by the haemagglutination assay,
demonstrating the native state of the protein.

2.2. High-performance size exclusion
chromatography (SEC) of KM+

Samples of KM+ were prepared in PBS (pH
7.4) at 0.2 mg/ml concentration and in 20 mM
acetate /borate /phosphate buffer (pH 9.0 and
12.0) at 0.25 mg/ml. Samples were incubated at
310 K for 60 min. The pH was adjusted by addi-
tion of HCI (1.0 M) or NaOH (2.0 M). Subse-
quently the samples were filtered by SEC on the
Superdex 75 HR 10/30 column (Pharmacia LKB
Biotechnology, Uppsala, Sweden) using HPLC
(Bio-Rad, 2800), and eluted with the same in-
cubation buffers containing 0.1 M of D-galactose
and 0.1 M of p-mannose at 293 K, at a flow rate
of 0.5 ml/min, monitored by absorbance at 280
nm, and collected in 0.5 ml fractions. On filtration
at pH 12.0, two fractions were obtained and de-
noted pool 1 (eluted approx. 10 ml) and pool 2
(eluted approx. 20 ml). These fractions were reap-
plied to the same column under identical condi-
tions. Standard sample proteins (BSA, chy-
motrypsinogen and cytochrome C) were used for
column calibration.

2.3. Circular dichroism (CD) measurements
CD spectra were recorded using a Jasco J-720

spectropolarimeter over a wavelength range of
190-260 nm, under constant N, purging according

to the manufacturers instructions (Jasco). Mea-
surements were made on KM+ and fKM+ sam-
ples at a protein concentration in the range of
0.12-0.18 mg/ml, in quartz cuvettes of 1 mm
path length. Spectra were typically recorded as an
average of eight scans. CD spectra of native KM+
were measured in PBS pH 7.4 or deionized water.
The CD spectrum of KM+ in water which is
given in Fig. 1 was recorded from 250 to 185 nm
in order to demonstrate a more complete spectral
range while in saline solution extensive noise is
observed below 195 nm. Spectra were measured
in PBS in order to best reproduce physiological
conditions. The spectra of the fractions KM+
and fKM+ were very similar, so all subsequent
spectroscopic measurements were made with the
KM+ fraction. The stability of KM+ was studied
as a function of temperature (298-353 K) and the
following denaturing agents: sodium dodecyl sul-
phate (SDS, 1-52 mM), guanidine hydrochloride
(GdnHC(], 0.1-6.0 M), and urea (1-6 M). The CD
spectra of the fractions obtained by SEC were
recorded in the same conditions. CD spectra were
obtained on a degree ellipticity (6) scale. They
were transformed using the mean weight residue
and concentration prior to the secondary struc-
ture analysis. The samples were incubated for 5,
10, 15, 30, 60, 240 min and 24 h in the range from
298 to 348 K, at 5 degree intervals followed by a
rapid cooling to 298 K. In the case of equilibrium
experiments the above samples were maintained
for a fixed time (60 min) at a given temperature,
followed by cooling to 298 K and subsequent
measurement. In the case of kinetic studies, mea-
surements were carried out after an incubation at
a given temperature for a varied length of time.
Aliquots of SDS, GdnHCI and urea were added
to a separate single sample of KM+ in water for
each concentration of denaturant and incubated
at 298 K for 15, 60, 120 min and 24 h, before each
measurement. CD spectra were recorded at vari-
ous pH values in the range 2.2-12.0. Samples
were dissolved in the following buffers (all of
them containing 150 mM of NaCl): 10 mM glycine
(pH 2.2-4.0), 10 mM ammonium acetate (pH
4.0-6.0), 10 mM PBS (pH 6.5-7.5), 10 mM
Tris=HCl (pH 7.0-9.0), 10 mM 3-[cyclohexy-
lamino]-1-propanesulphonic acid, CAPS (pH
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Fig. 1. CD spectra of KM+ (120-150 p.g/ml) lectin at 298 K.
The solid line represents the CD spectrum of KM+ in water
and the dashed line shows the spectrum of KM+ in PBS
buffer (pH 7.4).

9.0-10.5). Acetate /borate /phosphate /acetic
acid, 20 mM, was also used as a buffer in the
following manner: an aliquot of KM+ (at 4.0
mg/ml) was added to 4.5 ml of buffer and the pH
was adjusted by addition of HCI (1.0 M) or NaOH
(2.0 M), in the range 7.0-4.0 and 7.0-12.0, re-
spectively.

2.4. Estimation of secondary structure

Analysis of the CD spectra in terms of sec-
ondary structure content was performed using the
Convex Constraint Analysis (CCA), developed by
Perczel and Fasman, and based on the simplex
algorithm. This method allows the deduction of
the spectral contribution of the common sec-
ondary structures (deconvolution) through the di-
rect use of the experimental CD curves of pro-
teins [15,16].

2.5. Fluorescence measurements

Fluorescence measurements were performed at
298 K on a Jasco FP-777 spectrofluorometer.
Samples were excited at 280 and /or 295 nm and
the emission was monitored in the range 290-450

nm and /or 300—-455 nm. Quartz cuvettes (1 ¢cm
path length) of 1.0 or 3.0 ml volume were used for
all the measurements. The protein concentration
used in these experiments was in the range
0.09-0.12 mg/ml so that the optical density at
280 nm was always less than (.1. Fluorescence
measurements of KM+ were performed at varied
pH and temperature and in the presence of var-
ied concentrations of denaturants and quenchers.
The buffers for pH experiments were the same as
described for CD. Experiments with denaturants
and quenchers were performed in PBS buffer.
The protein fractions obtained by SEC, at pH 7.4,
9.0 and 12.0, were used for measurements in the
same conditions. Measurements at varied temper-
ature were made in water. The procedures for
sample preparation for equilibrium and kinetic
experiments were analogous to those for the CD
measurements, except that samples were in-
cubated in the range 298-348 K at temperature
intervals <35 K. The denaturants, SDS (1-52
mM), urea (1-6 M) and GdnHCI (0.1-3.5 M), in
PBS pH 7.4 were incubated with the protein for
15 min at room temperature (298 K) prior to
measurement. Fluorescence quenching was stud-
ied with 6.0 M stock solutions of KI, containing
0.1 mM Na,S,0; to prevent formation of I5.
Titrations were performed by addition of small
aliquots to the sample solution of 3-ml volume
directly in the cuvette. To estimate the number of
carbohydrate binding sites, a protein solution of
fixed concentration (12 wM) was titrated directly
in the fluorescence cuvette with a stock solution
of b-mannose in PBS, pH 7.4 by addition of small
aliquots resulting in a concentration variation in
the range 0-240 pM. After the addition of each
aliquot of D-mannose an incubation time of 15
min was allowed at 298 K before measurement.

2.6. Analysis of thermal denaturation
The ellipticity and fluorescence data obtained
from the study of thermal denaturation of KM+

were analyzed assuming that this is an irreversible
two state process [17]

NﬁD (€))
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where N and D represent the native and irre-
versibly denatured forms of the protein, respec-
tively, and k is a first order rate constant which
changes with temperature according to the Ar-
rhenius equation,

k =Aexp(—E,/RT) )

The fraction of denatured protein, f,, is calcu-
lated from the relationship

fd:(Sn_Sobs)/(Sn_Sd) and fn +fd=1
3

in which S, is the ellipticity (in the case of CD)
or the total fluorescence obtained from the area
of the emission spectra (in the case of fluores-
cence) of the sample at a particular temperature;
S, and S, are the values of 6 or of the area of
the emission spectra, characteristic of the dena-
tured and native states. The transition curve f,
can be expressed as a function of the tempera-
ture, T, according to [18]:

In[In(1/f)]1=(E,/R)1/T, —1/T) 4)

Thus, Eq. (4) can be used to estimate the
activation energy of the reaction, E,, and the
temperature of transition, 7,,,.

Similarly, kinetic data obtained at a constant
temperature were treated according to the simple
first-order reaction (Eq. 1). Rate constants, k,
were determined by using the usual semi-logarith-
mic plot:

In(f,) =In[(S,—S$;)/(S, — S| = —kt )

where S, is the ellipticity or the total fluorescence
(area of the emission spectra), at time ¢, S ; stands
for the corresponding value at very long times,
and S, represents the signal of native KM+ .
These values of k were used to construct the
Arrhenius plot (Ink vs. 1/T), and from this plot
the activation energy was calculated.

The CCA algorithm was used to deconvolute
the fluorescence spectra, obtained as a function
of temperature, into two and three components
[19]. These deconvolutions were made to check
two alternative transition state models: two state

N — D or three state N — I — D. In these calcu-
lations we used the emission spectra at several
temperatures (from 298 to 348 K) obtained for a
fixed incubation time of 60 min. The fractions of
denatured lectin, f,, were calculated from the
relationships:

y(x) =an+de (63)
y(x)=f,N+f,D+fl (6b)

where y(x) refers to a given experimental fluo-
rescence spectrum, N, D and I are the component
emission spectra for the native, denatured and
intermediate states; f's are the fractions of each
state. The emission spectra obtained from this
deconvolution were also used to analyse the fluo-
rescence spectra at a fixed temperature and for
different incubation times, yielding Arrhenius
plots.

3. Results

3.1. CD spectroscopy and estimated secondary
Structure content

The CD spectrum of KM+, in water, was char-
acterized by two minima near 196 and 216 nm,
two maxima near 203 and 188 nm, and a negative
to positive crossover at 192 nm (Fig. 1). The
spectra of the fractions KM+ and fKM+ were
very similar, so all spectroscopic measurements
were made with KM+ . The CD spectrum of
KM+ in PBS has intensive noise below 200 nm,
so the spectrum of KM+ in water was used for
secondary structure estimation. Both spectra in
Fig. 1 have a very similar shape, the shift of the
two curves being due to the different concentra-
tions used. The shape of this spectrum is charac-
teristic of KM+ and its low amplitude is consis-
tent with KM+ being a non-helical protein. The
secondary structure content was estimated using
the CCA program and the following results for
the fractions obtained: a-helix 1.0%, parallel (-
sheet and/or B-turn 21%, antiparallel B-sheet
15%, unordered form 28%, additional contribu-
tions (aromatic residues and disulphide bridges)
35% and an RMS (root-mean-square) of 1.0%
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[15,16]. Similar results were obtained with the
fraction fKM+ .

3.2. Conformational stability of KM+ as a function
of temperature equilibrium studies

In order to show that the observed denatura-
tion is a two step process we followed the CD
spectral changes for 24 h at all temperatures.
After 60 min it was observed that the CD spectra
did not reach their final form corresponding to
the denatured protein. In fact even after 4-h
incubation the final form was not reached since
the CD spectra of samples incubated for 60 and
240 min in the range from 298 to 348 K are
identical. After 24 h incubation the CD spectra
for samples exposed to 328 K or above are identi-
cal to the CD spectrum of the sample exposed to
348 K. This means that the denaturation as ac-
companied by CD spectral changes is indeed a
slow process. In our calculations the spectra
recorded after incubating the samples for up to 1
h were used, based on the fact that during this
period the biological activity is maintained. Thus
at temperatures up to 328 K, the slow spectral
changes observed for longer incubation times re-
fer to the denatured protein. In Fig. 2A the CD
spectra of KM+ as a function of temperature are
presented. Below 328 K, for a 60 min period, the
CD spectra remain essentially unchanged as com-
pared to the spectrum at 298 K (native). Above
328 K, for a 60 min period, and in the wavelength
range between 195 and 210 nm spectral changes
in the CD spectra are quite pronounced, showing
a considerable change near 203 nm. At 333 K, for
a 60 -min period, the haemagglutination assay
showed that the protein was totally inactive. It is
likely, therefore, that the CD spectra in the range
338-348 K correspond to a significantly un-
ordered structure, consistent with the loss of the
native secondary structure and biological activity
that should accompany protein denaturing (at 353
K denatured KM+ produces aggregates visible to
the naked eye). In Fig. 2B the denatured fraction
of KM+, as calculated from the ellipticity at 203
nm (Eq. 3), is shown. This curve suggests that
there are no intermediates present in detectable
amounts during the denaturation. The KM+ de-
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Fig. 2. CD spectra of KM+, in water, as a function of
temperature. (A) Samples were incubated for 60 min and the
spectra were recorded after incubation at 298 K (solid line),
328 K (dashed line), 333 (dotted line), 338 K (——-—) and 348
K (=+--). (B) Thermal denaturing transition for the data from
(A). The fraction of denatured protein (f,;) was calculated as
indicated in the text. The solid line represents the transition
curve calculated according to an irreversible two state model
[Eq. (4)]. The activation energy (E,) and the transition tem-
perature 7,, obtained from this fit are 134 &+ 11 kJ /mol and
339 + 1 K, respectively.

naturation was found to be irreversible, since
samples that were heated above 328 K did not
return to their original state even after rapid
cooling back to 298 K or slow cooling to room
temperature. Fig. 2B was analyzed by an irre-
versible two-state model [Egs. (3) and (4)], and
the solid line corresponds to the theoretical fit of
the data. The parameters obtained were E, = 134
+ 11 kJ/mol and 7,, =339 + 1 K. The identical
nature of the final spectra after 24 h incubation at
328 K or above compared to the spectrum of the
sample incubated at 348 K favours our interpreta-
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Fig. 3. Fluorescence emission spectra of KM+, in water, as a
function of temperature. (A) Spectra after 60 min of incuba-
tion at temperatures of 298 K (solid line), 328 K (dashed line),
333 K (dotted line), 338 K (——-— ) and 348 K (—--). (B)
Thermal denaturing transition for the data from (A): squares,
calculated from the area of emission spectra and circles,
calculated by the CCA algorithm. The lines represent the
transition curves obtained according to an irreversible two
state model [Eq. (4)]: solid, from area of the emission spectra
data (E, =179 + 18 kJ /mol and 7,, = 337 + 1 K), and dashed,
from data obtained by CCA deconvolution (E, = 206 + 18 kJ
and 7, =337+ 1 K).

tion of a two-state denaturation reaction.
Fluorescence of native KM+ was excited at
280 nm and emission spectra were monitored in
the range of 290—450 nm. The emission maximum
near 328 nm (Fig. 3A) is typical for tryptophan
residues buried inside the protein [20,21]. The
fluorescence quantum yield, ®, was measured as
the total emission using tryptophan as a standard
and the value of ® for KM+ in water is 0.045.
In Fig. 3A the fluorescence emission spectra as
a function of temperature are presented. In the
temperature range between 298 and 328 K the

fluorescence intensity presents a small decrease
and the wavelength of maximum emission, ™
is essentially constant at 328 nm. Above 328 K
there is a pronounced red shift for the N\°mi
together with an increase in intensity as well as
an increase in the linewidth of the emission band.
The value of \™% at the highest temperature
(343-348 K) is 350 nm, which is quite typical for
exposed tryptophan residues in proteins. Besides
these changes the appearance of a shoulder
around 305 nm is observed at the higher tempera-
tures. The increase in the linewidth of the emis-
sion spectrum is due to the contribution from
tyrosine residues, which have a characteristic
emission maximum around 304 nm [22]. In gen-
eral it is quite difficult to resolve the tyrosine
emission in tryptophan containing proteins. By
changing the excitation wavelength to 290 nm this
shoulder can be made to disappear. Below 328 K
the tyrosine emission is probably totally quenched
either by nearby protein residues or due to en-
ergy transfer to the tryptophans [22]. The change
in the denatured fraction was calculated for the
data in Fig. 3A, using the total fluorescence (area
of the emission spectra) as a parameter and this
dependence is presented in Fig. 3B (squares). The
full line represents the transition curve calculated
according to Eq. (4). This plot is similar to the
one described for CD data and suggests the exis-
tence of a two-state process. The activation en-
ergy and transition temperature obtained from
the fit are 179 + 18 kJ/mol and 337+ 1 K, re-
spectively.

The deconvolution of the fluorescence spectra
using the CCA algorithm into three components
(Eq. 6b) resulted in spectra very similar to those
obtained using only two components. Therefore it
can be concluded that two components are suf-
ficient to describe the deconvolution of the whole
set [15]. From these two component spectra the
native (f,) and denatured (f,) fractions were
calculated according to Eq. (6a). The plot of f,
vs. T is similar to those in Fig. 2B and Fig. 3B
(squares), and the fit of the data according to Eq.
(4) gave an E, =206+ 18 kJ and a T, =337+ 1
(Fig. 3B, circles). The choice of the total fluores-
cence (area of the emission spectra) or spectral
decomposition (CCA) for determination of f, is
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due to the fact that these parameters seem to
describe the overall process and are independent
of a particular wavelength in the spectrum. We
have also considered using the fluorescence in-
tensity at 350 nm which yielded similar results to
those in Fig. 3B. On the other hand, the fit using
\SMES to calculate f, gave an activation energy for
the process, which was more than 50% higher
than that obtained with the parameters described
above. It has been reported in the literature [23]
that \°™% is not a good parameter to monitor
N — D transitions and it has been suggested that
fluorescence intensity, quantum yield (corre-
sponding to total fluorescence) are better

parameters to describe this process.
3.3. Kinetic studies

In Fig. 4 the variation of the ellipticity at a
fixed temperature, expressed via the parameter
f,» corresponding to the fraction of native struc-
ture, is shown as a function of time for several
temperatures. The data were fitted to a straight

0.0—-....,_- ______
‘b-o: """""""""" ...
"-:A\‘ __________ .
L e
\3 )
050
51 s .
- &-
-1.0F
v

0 1000 2000 3000 4000
time (sec)

Fig. 4. Plot of kinetic studies for CD data. Plot of In f, vs.
time at the following temperatures: 298 K (squares), 328 K
(circles), 333 K (up triangles), 338 K (down triangles). f, is the
native fraction of KM+, calculated as indicated in the text.
The straight lines are linear regression fits, whose slopes
yielded an estimate of the first order rate constant (k). The
slope of this Arrhenius plot gives the value of E, = 108 + 18
kJ /mol.

line on the semi-logarithmic plot and the rate
constants k were obtained from the slopes [Eq.
(5)]. From the Arrhenius plot for the data pre-
sented in Fig. 4 a value of 108 + 18 kJ /mol was
obtained for E,.

Similarly the variation of the area of fluores-
cence emission at a fixed temperature, expressed
through the parameter f,, was calculated as a
function of time for several temperatures. The
data were also fitted to a straight line on the
semi-logarithmic scale and the rate constants (k)
were obtained from the slopes in the same way as
for the CD data. The Arrhenius plot for these
data also suggests the existence of a two state
process and the E, obtained was 167 + 12 kJ /mol.
E, from the slope of the Arrhenius plot using the
data obtained from Eq. (6a) was 161 4+ 12 kJ /mol
(CCA algorithm).

3.4. Structural changes of KM+ as a function of pH
and chemical denaturants

Fluorescence and CD spectroscopy were used
to monitor the structural changes of KM+ as a
function of pH. In the fluorescence spectroscopy
excitation at 280 nm of a solution of KM+ gave
an emission spectrum in the range 290—-450 nm
with the emission maximum, N°™* near 328 nm at
pH 7.0, which is for the emission from typical
buried tryptophans inside proteins. Below pH 7.0
a small decrease in @ is observed suggesting a
transition in the pH range 7.0-3.0; above pH 7.0
there is a pronounced decrease in the fluores-
cence emission intensity as shown in Fig. 5A. The
wavelength for maximum emission is constant at
328 nm in the range from pH 2.2 to 9.5. Only at
values of pH above 10.0 does the \°™% change,
reaching 340 nm at pH 12.0 (Fig. 5B). These
changes in fluorescence emission following excita-
tion at 280 nm also include contributions from
tyrosine emission besides that from the tryp-
tophan residues. This contribution is only appar-
ent, above pH 10.5 and may be associated with a
more global structural change to the monomers.
The CD spectra were very similar for KM+ at
pH between 2.2 and 11.5, raising the pH to 12.0,
however, induced a large change in the spectrum
(Fig. 6). This result strongly suggests that the
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Fig. 5. The pH-dependence of fluorescence emission by KM+ .
(A) Effect of pH on the quantum yield, ®. The buffers used
were: glycine (pH 2.2-4.0) and acetate /borate /phosphate /
acetic acid 20 mM (pH 4.0-12.0). (B) Wavelength of maximum
emission of KM+ as a function of pH.

secondary structure of KM+ is not altered by
acid or basic pH, except at extreme basic pH
values. The changes in fluorescence are evident
both as an increase in tryptophan residue expo-
sure above pH 10.0 and as the quenching of
fluorescence observed above pH 7.0. The results
shown in Fig. 7 are from SEC of KM+ on the
Superdex 75 column incubated and eluted at pH
9.0 (Fig. 7A) and pH 12.0 (Fig. 7B). The elution
profile at pH 7.4 (native form) is identical to that
observed at pH 9.0. The fraction which elutes at
approximately 10 ml at pH 9.0 has the same CD
and fluorescence spectra as native KM+ (tetra-
meric form). However, pool 1 from the pH 12.0
profile which eluted at the same position as the
tetrameric form at pH 9.0 shows pronounced
changes in the CD spectrum compared to both
the pH 12.0 sample and the native protein (Fig.
6). The fluorescence quantum yield of pool 1 was
20% lower than that of the pH 12.0 sample. Pool

1 also showed a maximum fluorescence at a lower
wavelength (336 nm) than the pH 12.0 sample
(340 nm). These results showed that the dena-
tured form of KM+ is eluted in aggregates that
co-elute with the native form in SEC. Pool 2 from
the pH 12.0 profile, eluted at approximately 20 ml
(Fig. 7B) also shows an alterated CD spectrum
(Fig. 6) and its fluorescence spectrum shows the
N to be shifted to 350 nm and ® to be reduced
60% compared with KM+ at pH 12. Pools 1 and
2 from SEC of KM+ at pH 12.0 were rechro-
matographed in the same conditions and the pool
1 reproduced the same profile as obtained in the
Fig. 7B, while pool 2 showed only one fraction
eluting in the original position (approx. 20 ml,
figure not shown).

The results of addition of SDS, GdnHCIl and
urea to the solution of KM+ in PBS or water are
totally consistent with a rigid structure since no
significant changes were observed both in the
tryptophan fluorescence and CD spectra. This is
in good agreement with the fact that the only way
to obtain the protein in monomeric form in SDS-
PAGE experiments was to boil the protein solu-

[6] (10° deg cm’ dmol™)

200 210 220 230 240 250
Wavelength (nm)

Fig. 6. CD spectra of KM+ as a function of pH. The samples
were incubated in acetate /borate /phosphate /acetic acid, 20
mM, at 310 K, for 1 h. The spectra were recorded at the
following pH values: 7.4 (solid line), 12.0 (dashed line), pool 1
from SEC pH 12.0 (~+—+-), pool 2 from SEC pH 12.0 (dotted
line). The short dotted line shows the thermal denatured
spectrum (348 K).
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Fig. 7. High-performance size exclusion chromatography
(SEC) of KM+ forms as a function of pH. The samples were
incubated in acetate /borate /phosphate /acetic acid, 20 mM,
at 310 K, for 1 h, at pH 9.0 (A) and 12.0 (B). The protein
concentration was 0.25 mg/ml. The column, Superdex 75, 1
cm X 30 cm, was equilibrated with the buffer in the same pH
as the sample, 0.5 ml/min and 293 K. p-mannose (0.1 M) and
D-galactose (0.1 M) were included in the buffers and absor-
bance was monitored at 280 nm. The arrows indicate the
elution positions of BSA and cytochrome C.

tion extensively. These results are also consistent
with those from the thermal denaturation studies
reported above, which show that up to approxi-
mately 333 K no significant changes are observed
in either fluorescence emission or in the CD
spectra.

3.5. Quenching of fluorescence of KM+

The intensity of KM+ fluorescence emission
measured either after dissolving the lectin in PBS
(pH 7.0, 7.2, 7.4) or in de-ionized water was
essentially constant. In order to estimate the flu-
orescence quenching of KM+ as a function of
D-mannose, KI and acrylamide, fluorescence
titration of protein solutions was performed by
addition of increasing concentrations of stock so-
lutions of D-mannose, KI, and acrylamide into the
fluorescence cuvette. The tryptophan residues of
KM+ are not accessible to quenching either by

acrylamide or by iodide, for which a Stern—Volmer
quenching constant (K, ) of 0.9 M~ is obtained.
In the case of D-mannose quenching, the data
were fitted more appropriately through the use of
the modified Stern—Volmer plot, namely the
Lehrer plot [22], using 4,/A A vs. 1 /[mannose],
where 4, and AA =A;,— A are the area of emis-
sion spectrum in the absence of the quencher and
the difference of areas of emission spectra in the
absence and presence of quencher (data not
shown). From this plot an association constant,
K, of (29+0.6) X10° M~' was obtained for
D-mannose. The fraction of chromophore accessi-
ble to the quencher (f,) obtained from this data
is 0.43 £ 0.08, suggesting that approximately 50%
of the tryptophan residues are not accessible to
quenching by b-mannose. The sensitivity of tryp-
tophan fluorescence to the addition of sugar sug-
gests a close proximity of the tryptophan residues
to the sugar binding site. This quenching constant
for D-mannose is consistent with the binding con-
stant for a number of lectins [24]. It is interesting
that upon denaturation of KM+ the quenching
of acrylamide is significantly increased (Kg, = 5.2
M™!). In the case of iodide K, increases from
0.9 to 1.2 M~ ! suggesting the absence of cationic
groups in the vicinity of tryptophan residues.

4. Discussion

In this paper we have demonstrated several
interesting physico-chemical properties of the
KM+ lectin extracted from A. integrifolia seeds.
The CD spectrum is quite different from the CD
spectra of jacalin (another lectin from A. integri-
folia) or frutalin (a lectin from A. incisa, charac-
terized by Moreira et al. [25]). It is also different
from spectra normally observed for proteins with
a dominant B-sheet structure presenting a con-
siderable amount of unusual secondary structure
(Fig. 1). The amino acid sequence of KM+ shows
52% sequence identity with jacalin [26]. Both the
full amino acid sequence and the homology mod-
elling of KM+ based on the jacalin structure, a
threefold pseudo-symmetric B-prism structure
composed of three four-stranded B-sheets [27],
are the subject of another article [13]. Although
the CD spectrum of KM+ is quite different from
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that of jacalin and other B-proteins, nevertheless
on deconvolution of this spectrum using the CCA
program B-structure is identified as the dominant
component. When the KM+ sequence is com-
pared to that of jacalin several proline residues
are observed in regions homologous to B-strands
in the jacalin structure. It is possible that such
substitutions lead to distortions in these elements
of secondary structure which may perturb the CD
spectrum (for example the absence of the positive
peak around 200 nm) while that of jacalin is more
typical of B-proteins. On the basis of CD data
proteins have been classified into five structural
classes: all-a, all-B (B-pleated sheet), o + B (sep-
arate regions), a /B (intermixed regions), and ran-
dom (mainly unordered) [28]. Recently, the math-
ematical technique of cluster analysis was pro-
posed for the classification of a protein based on
its CD spectrum [29]. Due to its non-typical CD
spectrum, KM+, can not be classified into the
structural classes proposed by Manavalan and
Johnson [28].

The analysis of secondary structure using the
CCA program showed approximately 56% of (-
structure and 44% of random structure, normal-
ized by removal of the contribution from others
sources. The CCA program was chosen because it
is a good method for deconvoluting sets of CD
spectra and also because it gave a better fit to our
experimental spectra (RMS 1%), as compared to
the Secondary Structure Estimation program
(SSE) from Jasco as well as to the Self Consistent
program (SELCON) [30].

The binding constant of D-mannose to KM+
obtained by tryptophan fluorescence quenching
(2.9 +0.6) X 10* M~ at pH 7.4, and the fraction
of chromophore accessible to the quencher, 0.43
+ 0.08, showed that approximately half of the
tryptophan residues in the tetramer are quenched
by the sugar; it is clear that quenching of 50% of
the residues is due to their proximity to the sugar
binding sites, and probably the remaining 50%
tryptophans are buried inside the tetramer, being
inaccessible to the quenching due to the binding.
These results were confirmed by KM+ primary
structure, where two tryptophan residues, at posi-
tions 10 and 18, were observed. Trpl8 corre-
sponds to Trp4 in the jacalin a-chain [27]. Al-

though we do not describe the homology mod-
elling in the current article it can be infered from
such a model that Trp10 lies close to the sugar-bi-
nding pocket, while Trpl8 is buried in the hy-
drophobic core [13].

Another interesting question is the insensitivity
of KM+ to pH changes. Our CD studies suggest
that the secondary structure is very stable as a
function of pH showing changes only at pH 12.0,
thus KM+ has a highly stable secondary struc-
ture over a large pH range. The fluorescence data
show some interesting features: the fluorescence
quantum yield, ®, has its maximal value around
pH 7.0, decreasing both at acid and alkaline pH
values (Fig. 5a). The decrease of ® at alkaline pH
(twofold reduction at pH 9.0 compared to pH 7.0)
suggests that some quenching mechanism is oper-
ative. Interestingly the \°™ is constant in the pH
range 4.0-9.0, increasing significantly only above
pH 10.0 (Fig. 5B). This increase is consistent with
an increase in solvent exposure of the tryptophan
residues, due to the denatured forms at pH 12
shown in Figs. 6 and 7B, while the decrease in ®
suggests the proximity of quencher side chains,
which are in close proximity to the indol ring. At
pH 12.0 quenching by OH™ can not be neglected
as well.

In the present work we have reported the con-
formational stability of KM+ at physiological
temperatures under a broad variety of conditions
(urea, GdnHCl, hydrolysis, pH, etc.). It has been
demonstrated that the observed changes in the
tryptophan emission of KM+ are not due to
multiple oligomeric species or allosteric forms of
its static and excited states. An attempt was made
to study the temperature-induced changes
observed both in CD and fluorescence measure-
ments. Above 328 K and around 333-338 K con-
siderable changes are observed in the CD and
fluorescence spectra, respectively. Similar proper-
ties have been reported in the literature for lectins
from Vicia villosa (N-acetyl galactose and man-
nose-specific), but no thermodynamic parameters
were described [31]. In the present work two types
of experiments were performed in order to derive
thermodynamic parameters: equilibrium experi-
ments at a fixed incubation time and variable
temperatures, and kinetic experiments at a fixed
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Table 1

Values of activation energy, E,, and transition temperature, 7,,, obtained with different methods

CD Area of emission CCA

Equilibrium Kinetic Equilibrium Kinetic Equilibrium Kinetic
E, (kJ /mol) 134+11 108 £ 18 179 £ 18 167 £ 12 206 + 18 161 + 12
T, (K) 3391 - 337+1 - 337+1

temperature. Table 1 shows the results of the
methods used to calculate the activation energy
and transition temperature. It is interesting that
the values obtained using both treatments of the
fluorescence data are very similar. The activation
energies obtained from the fluorescence measure-
ments are greater than those from CD by 40-50%
suggesting that the energetic requirements for
temperature-induced changes around the tryp-
tophan (tyrosine) residues are greater than those
for the overall secondary structure.

Our results presented in this work are consis-
tent with an irreversible thermal denaturation of
KM+ (N — D, two-state model with first order
kinetics). This conclusion was arrived at from
results obtained by means of different experimen-
tal approaches that covered broad temperature
(298-348 K) and pH (2.2-12.0) ranges. Although
the denaturation behaviour of KM+ follows a
model of the type N — D irreversible, the lack of
refolding could be explained by the fact that the
monomers are synthesized as precursors, and af-
ter post-translational processing, KM+ is assem-
bled into the native tetrameric form. As a conse-
quence, irreversible denaturation will prevent the
protein refolding. This process has also been re-
ported for jacalin, another jackfruit lectin, which
binds galactose [32]. The tetrameric form,
probably before reaching the denatured state is
expected to dissociate producing dimers and
monomers and it is interesting that these forms
could not be detected for KM+ by the methods
used in the present work. It is important to point
out that there are other reaction schemes that
can lead to first order kinetic under these condi-
tions. The mechanism proposed by Lumry—Eyring
is the following:

ky Ky
N2I-5D
k-,

where I is an intermediate, which could be in our
case the dissociated tetramer (free dimers and
monomers), in equilibrium with the native form
[33]. If it is assumed that equilibrium is always
established, the formation of D will obey first
order kinetics with an apparent rate constant
given by:

k. =k,K/(K+1) (7)

app

where K=k, /k_,. When k_, >k, and k_, >
k, (low temperatures), intermediate T would be
present in small amounts, and remain undetected
in our studies. Furthermore, K would have a
value much lower than unity and k,,,=k; K.
However, at higher temperature where k, > k_,,
the concentration of I would be expected to rise
yielding as a consequence also the irreversible
state D. These reaction schemes might be sup-
ported by preliminary results, in our laboratories,
where the separation of the monomeric forms of
KM+, with preserved secondary structure, was
obtained when KM+ was ecluted from reverse
phase chromatography (HPLC), with organic sol-
vents (L.M. Beltramini, unpublished data).
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