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and ‡Instituto de Biotecnologı́a, Universidad Nacional Autónoma de México, Cuernavaca, México
ABSTRACT Wheat germ agglutinin (WGA) is emblematic of proteins that specialize in the recognition of carbohydrates. It was
the first lectin reported to have a capacity for discriminating between normal and malignant cells. Since then, it has become a
preferred model for basic research and is frequently considered in the development of biomedical and biotechnological applica-
tions. However, the molecular basis for the structural stability of this homodimeric lectin remains largely unknown, a situation that
limits the rational manipulation and modification of its function. In this work we performed a thermodynamic characterization of
WGA folding and self-association processes as a function of pH and temperature by using differential scanning and isothermal
dilution calorimetry. WGA is monomeric at pH 2, and one of its four hevein-like domains is unfolded at room temperature. Under
such conditions, the agglutinin exhibits a fully reversible thermal unfolding that consists of three two-state transitions. At higher
pH values, the protein forms weak, nonobligate dimers. This behavior contrasts with that observed for the other plant lectins
studied thus far, which form strong, obligate oligomers, indicating a distinctly different molecular basis for WGA function. For
dimer formation, the four domains must be properly folded. Nevertheless, depending on the solution conditions, self-association
may be coupled with folding of the labile domain. Therefore, dimerization may proceed as a rigid-body-like association or
a folding-by-binding event. This hybrid behavior is not seen in other plant lectins. The emerging molecular picture for the
WGA assembly highlights the need for a reexamination of existing ligand-binding data in the literature.
INTRODUCTION
Metazoan cellular membranes are highly abundant in
solvent-exposed glycoconjugates, collectively termed the
glycocalyx. One of the glycocalyx’s major roles is to serve
as a sophisticated device for establishing cellular identity,
and thus it is crucial for the discrimination between self
and nonself. Additionally, the glycocalyx’s composition
varies significantly among different cell types and stages
of differentiation. Thus, the study of proteins that are able
to recognize membrane glycoconjugates with high speci-
ficity has proved invaluable for the development of drugs
aimed at treating a wide number of diseases, including
pathogenic infections, cancer, diabetes, and autoimmune
disorders (1). Wheat germ agglutinin (WGA) was the first
protein reported to have a capacity to discriminate between
malignant and normal cells (2). Since then, this chitin-
binding lectin has been used widely in biochemical and
biomedical research (3–6). It is currently being considered
as a candidate for peroral lectin-mediated drug delivery
due to its mucoadhesion, cytoadhesion, cytoinvasive, and
transcytosis properties with enterocytes (7,8). Promising
results have also been obtained by using WGA in the direct
delivery of drugs to the brain (9).

WGA forms homodimers at neutral pH that dissociate
into compact monomers at low pH (10–12). Each subunit
is composed of four domains (domains A–D) with a he-
vein-like fold. X-ray structures show the two subunits asso-
Submitted June 3, 2011, and accepted for publication July 25, 2011.

*Correspondence: egarciah@unam.mx

Editor: Doug Barrick.

� 2011 by the Biophysical Society

0006-3495/11/09/1423/9 $2.00
ciated in a head-to-tail manner (13). Each subunit has four
unique binding sites, one per domain. Hence, eight indepen-
dent binding sites are present in the dimer, although because
of the twofold symmetry axis, there are only four unique
sites (14,15). Early solution-binding data indicated an occu-
pancy of four sites per dimer (16–18). However, recent high-
resolution structures have demonstrated that the eight
binding sites are functional (19), as previously anticipated
(15). It is worth noting that the existence of intercatenary
binding sites in the WGA dimer contrasts markedly with
the great majority of oligomeric lectins, whose binding sites
are formed by residues coming from a single subunit.

Despite the numerous studies undertaken on WGA, the
molecular basis for its stability and assembly is still largely
unknown. It is recognized that this lectin, with 16 sulfide
bridges per subunit, is very resistant to high temperature,
caotropic agents, and acidic conditions (12,20). Neverthe-
less, its folding mechanism and energetics have not yet
been determined. A quantitative description of the mono-
mer/dimer equilibrium of WGA is also lacking (10,11).
An understanding of the folding and homodimerization
energetics as a function of pH would aid in guiding glyco-
targeting efforts with WGA. Furthermore, such information
is crucial to clarify whether ligand binding is coupled to
changes in the distribution of WGA monomers and dimers.
In this study, we characterized the unfolding and dissocia-
tion energetics of WGA as a function of pH and temperature
using high-precision differential scanning calorimetry
(DSC) and isothermal dilution calorimetry (IDC). The
results show that the folding of the free subunit is a multistep
doi: 10.1016/j.bpj.2011.07.037
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process, a behavior that correlates with the multidomain
composition of the lectin. Furthermore, WGA forms weak
transient homodimers. Depending on the solution condi-
tions, dimerization may proceed (coupled or not) to signif-
icant conformational changes of the free subunits. This
hybrid behavior is not seen in other plant lectins, indicating
a different molecular basis for the function of WGA. Finally,
we argue for the need to reexamine the carbohydrate-
binding parameters reported for WGA, because the occur-
rence of coupled equilibria among dimerization and ligand
binding to the free and dimeric subunits must be taken
into account.
MATERIALS AND METHODS

Materials

WGA was purchased as a mixture of three isoforms (isoforms 1–3) from

Sigma Chemical (L9640; St. Louis, MO). We separated the WGA isoforms

by cationic exchange using high-performance liquid chromatography

equipment, as previously described (12). All experiments were carried

out using variant 1. All other reagents were of analytical quality. For

measurements performed at pH values of 1.3, 2–3, 4–5, and 7, we used

30 mM buffer solutions of sulfate, glycine/HCl, acetate, and phosphate,

respectively.

Fractions of purified WGA isoform 1 were concentrated and diafiltrated

extensively in anAmicon-stirred cell throughpolyethersulfone ultrafiltration

discs (cutoff 10 kD, PM10). Solutions were degassed exhaustively before

the calorimetric experiments. Protein concentrations were determined spec-

trophotometrically with an absorption coefficient of 1.27 ml(mg cm)�1 at

280 nm. The molecular mass of the WGAmonomer was taken as 17.1 kDa.
Differential scanning calorimetry

DSC measurements were carried out with VP-DSC equipment (MicroCal,

GE Health Bio-Sciences, Piscataway, NJ). All results presented were ob-

tained at a scan rate of 60�C/h, although completely superimposable endo-

therms were obtained using a scan rate of 90�C/h. Buffer-buffer baselines
were obtained under the same experimental conditions and subtracted

from sample traces. We acquired several buffer-buffer baselines before

each run with protein solution to obtain a proper thermal history of the

instrument. Reheating runs were carried out to determine the calorimetric

reversibility of the denaturation process. We fit the theoretical models to

the heat capacity profiles using independent or sequential transition-unfold-

ing models programmed in the MicroCal Origin v5 software package.

The van ’t Hoff enthalpy (DHvH) was calculated from calorimetric traces

according to

DHyH ¼ 4RT1=2

Cexc1=2
DHcal

(1)

where R is the gas constant, T1/2 is the mid-transition temperature, Cexc1/2 is

the heat capacity excess at this temperature, and DHcal is the calorimetric

enthalpy.
Isothermal dilution calorimetry

The dissociation of the WGA homodimer was characterized by IDC with

VP-ITC equipment (MicroCal). Stepwise additions of small aliquots of

a solution with a high protein concentration (0.7–1.2 mM of monomer

equivalent) were applied to the calorimetric reaction cell loaded with buffer
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solution. According to a simple dimer dissociation model (21), the heat

measured upon addition of the ith injection of volume dVi into the cell

calorimeter would be

qi ¼DHdisc½P2�syrdVi � DHdisc

�½P2�i�½P2�i�1

�

�
�
V0 þ dVi

2

�
þ qdil

(2)

where DHdisc is the dissociation enthalpy of the dimer; [P] and [P2] are the

molar concentrations of the free monomer and dimer, respectively; and qdil
is the dilution heat of the protein. The dimer concentration in the reaction

cell, [P2]i, and the syringe, [P2]syr, are in turn related to the corresponding

equivalent monomer concentration, [PT], through the dissociation constant:

½PT� ¼ ½P� þ 2½P2� ¼ K
1=2
disc½P2�1=2þ2½P2� (3)

where Kdisc is the equilibrium dissociation constant. DHdisc and Kdisc were

determined through a nonlinear regression fitting of Eqs. 2 and 3.
Fluorescence

Fluorescence spectra were recorded at 25�C in a PC1 spectrofluorometer

equipped with a Peltier thermoelectric device (ISS, Champaign, IL) for

temperature control. Protein samples of 3 mM of monomer were excited

at 290 nm, and emission was collected from 310 to 410 nm.
Circular dichroism

Far-UV circular dichroism (CD) spectra were recorded on a JASCO J-720

spectropolarimeter (Jasco, Easton, MD) equipped with a Peltier

thermoelectric device for temperature control. The instrument was cali-

brated with (þ)-10-camphorsulfonic acid. Three scanning acquisitions

were accumulated and averaged to yield the final spectrum. CD signals

are reported as mean residue ellipticity, [Q]mrw, using a value of 100 for

the molecular weight of a mean residue.
Dynamic light scattering

DLS experiments were performed with a DynaPro-801 molecular sizing

instrument (Protein Solutions, Chicago, IL) as described previously (22),

using protein concentrations in the 0.1–0.4 mM range. The hydrodynamic

radius (RH) and the apparent molecular mass were estimated on the basis

of an autocorrelation analysis of scattered light intensity data.
Changes in solvent-accessible surface area
and structural-based estimation
of heat capacity change

We carried out surface area calculations with the NACCESS program (S. J.

Hubbard and J. M. Thornton, Department of Biochemistry and Molecular

Biology, University College, London, 1993), using a probe radius of

1.4 Å and a slice width of 0.1 Å. Atomic coordinates of the WGA dimer

isoform 1 were taken from the PDB file 2UVO (19). We generated the coor-

dinates for the free subunits by simply erasing the coordinates of the other

subunit, i.e., assuming a rigid-body-like association. Changes in solvent-

accessible surface areas (DA) were estimated from the difference between

the dimer and the sum of the free subunits. Changes in polar (DAp) and apo-

lar (DAap) surface areas were obtained from the change in accessible area of

nitrogen/oxygen and carbon/sulfur atoms, respectively. We performed

a structure-based calculation of the dimerization heat capacity using the

empirical model:
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DCp ¼ 0:45ð5 0:03Þ DAap � 0:26ð5 0:02Þ DAp (4)

where the proportional coefficients, in cal mol�1 K�1 Å�2, were obtained

from dilution data of cyclic dipeptides (23).
FIGURE 2 Calorimetric profiles of the thermal perturbation of WGA

as a function of protein concentration at (A) pH 2 and (B) pH 3, 30 mM

Gly/HCl.
RESULTS

Fig. 1 shows DSC endotherms of WGA obtained in the 2–7
pH range. Between pH 2 and 4, the unfolding process was
reversible, as judged by the recovery of the endothermic
signal (R90%) in protein samples previously submitted to
a heating/cooling cycle. Similar results were observed by
monitoring the far-UV CD signal (data not shown). The
reversibility decreased to ~60% at pH 5, whereas no
recovery of the calorimetric trace was observed at pH R
6. Only one peak was evident at pH 2. This peak proved
independent of protein concentration (Fig. 2 A), in agree-
ment with previous sedimentation and spectroscopic results
indicating that WGA is predominantly monomeric at that
pH (10,12). As the pH was raised, an additional endothermic
peak was observed at the lower temperatures. This peak was
dependent on protein concentration (Fig. 2 B); therefore, it
corresponds to the dissociation of the dimer. At pH 2.5,
the use of low protein concentrations (e.g., 0.09 mM)
yielded calorimetric traces that completely overlapped those
obtained at pH 2, whereas the second peak became evident
with the use of higher protein concentrations (e.g., 0.22 mM,
as in Fig. 1).
FIGURE 1 Calorimetric profiles of the thermal perturbation of WGA as a

function of pH. All endotherms were obtained using a monomer equivalent

concentration of 0.09 mM, except at pH 2.5, where a concentration of

0.22mMwas used. A heating rate of 1�C/min was used in all measurements.

Complete recovery of the calorimetric trace was observed in the rescanning

of a previously heated/cooled protein sample in solutions with pH % 4.

Reversibility at pH values of 5 and 7 were 60% and 0%, respectively.
Unfolding of monomeric WGA

The single endothermic peak obtained at pH 2 extended over
a wide temperature range, suggesting the occurrence of
stable intermediates in the unfolding process of monomeric
WGA (DHvH/DHcal ¼ 0.3). A deconvolution analysis re-
vealed that the calorimetric traces can be fitted satisfactorily
with a model of three independent two-state transitions. In
contrast, models with any other number of transitions
yielded poor fittings or failed to converge (see Fig. S1 in
the Supporting Material). On the other hand, no significant
differences in the unfolding parameters were obtained using
a model of either sequential or independent unfolding
transitions (Table S1). This result is most likely due to the
fact that Tmi values are significantly separated from each
other, implying, in practice, an independent character for
the unfolding transitions. Consequently, Table 1 shows
results for the unfolding parameters based on a mechanism
of independent transitions.

The observation of only three calorimetric transitions,
instead of the four expected according to the WGA domain
composition, might be rationalized on the basis of different
molecular scenarios. One possibility is that at pH 2, one
domain is very stable and unfolds at temperatures higher
than those reached in the calorimetric measurements. To
explore this possibility, we carried out thermal scans in
the presence of guanidine hydrochloride (GndHCl). Decon-
volution analyses of these data yielded profiles that closely
resembled that observed in the absence of the caotropic
agent (Fig. S1), although the corresponding Tm and DHU

values were significantly decreased for the three transitions
(Table 1). Again, no evidence of the fourth transition was
Biophysical Journal 101(6) 1423–1431



TABLE 1 Unfolding parameters for the calorimetric

transitions of monomeric WGA, at pH 2 and varying

concentrations of GndHCl

Transition

1 2 3

0 M GndHCl

Tmi (
�C) 68.0 5 0.7 79.0 5 0.6 91.1 5 0.4

DHUi (kcal/mol) 31 5 2 43 5 3 42 5 1

1.5 M GndHCl

Tmi (
�C) 55.2 5 0.2 69.4 5 0.1 86.0 5 0.3

DHUi (kcal/mol) 29 5 1 40 5 2 39 5 1

2 M GndHCl

Tmi (
�C) 52.6 5 0.5 67.9 5 0.3 81.9 5 0.3

DHUi (kcal/mol) 28 5 1 38 5 1 36 5 1

FIGURE 3 Spectroscopic properties of WGA at different pH values,

25�C. (A) Fluorescence spectra (lexc ¼ 290 nm) obtained using a protein

concentration of 3 mM. (B) Hydrodynamic radius and apparent molecular

mass determined by DLS, using a protein concentration of 410 mM. (C)

Far-UV CD spectra, recorded using protein concentration of 6 mM.
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observed. Another scenario is that in highly acidic condi-
tions, one domain becomes unstable but the contact with
another domain suffices to keep it folded. Under this
domain-domain coupling scenario, one transition would
exhibit an unfolding enthalpy significantly higher than the
other two transitions. When we use the reported experi-
mental DCp value (¼ 0.56 kcal mol�1 K�1) for hevein
(24), extrapolation of unfolding enthalpies at 79�C (Tm for
transition 2) yields 37.2 and 35.2 kcal mol�1 for transitions
1 and 3, respectively. These last values are comparable to
that of transition 2 (DHU1 z DHU3 z 0.85DHU2). Further-
more, the unfolding parameters of each of the three calori-
metric transitions are comparable to those reported for
monomeric hevein under similar acidity conditions (Tm ¼
74�C, DHU ¼ 29 kcal mol�1, pH ¼ 2.1 (24)). Finally, inter-
domain coupling would be more readily affected by the
caotropic agent. In contrast, both DHU and Tm for each tran-
sition showed a linear dependence on GndHCl concentra-
tion (Fig. S2). Overall, the data do not seem to support the
possibility that two of the hevein-like domains fold as a
cooperative unit.

A third scenario for explaining the existence of only three
unfolding transitions is that one of the domains is unstable
and unfolded at pH 2. Fig. 3 A shows the fluorescence
spectra of WGA measured in this study at different pH
values. Although the protein dimerizes above pH 2, we
recorded the spectra using a low protein concentration
(3 mM), so only a minor fraction of monomers formed
dimers at pH 4–5 (<6%; see below). The fluorescence inten-
sity of the monomer at pH 2 is seen to be significantly lower
than that exhibited at higher pH values. In this regard, it is
relevant to recall an early study on CNBr-treated WGA
(25). In that study, a WGA form cleaved at Met26, i.e.,
near the middle of domain A, was obtained. This species
was monomeric at neutral pH, exhibiting a decrease of
~30% in the fluorescence intensity. Of note, the acid mono-
mer shows a quenching effect very similar to that observed
in CNBr-treated WGA, with one domain disrupted. WGA
has three Trp residues per subunit, at positions 41, 107,
and 150, belonging to domains A, C, and D, respectively.
Biophysical Journal 101(6) 1423–1431
Thus, it seems likely that the quenching observed in intact
WGA at pH 2 is also associated with a significant conforma-
tional change of one of the three Trp-containing domains.
This conclusion is further supported by DLS results. As
shown in Fig. 3 B, the acid monomer is somewhat expanded,
showing an apparent molecular mass of 225 2 kDa (versus
the expected 17.1 kDa), whereas the corresponding value for
the dimer at higher pH values averaged 33.7 kDa. On the
other hand, the far-CD spectrum varied somewhat in the
negative band centered at ~205 nm, as similarly observed
in cleaved WGA (25). As can be seen in Fig. 3 C, this vari-
ation becomes more pronounced at pH 1.3, confirming that
it is a distinguishing feature of the acid monomeric form of
WGA. In summary, a global consideration of calorimetric
and spectroscopic data suggests that the acid form of
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WGA contains a partially unfolded domain that preserves
a native-like content of secondary structure but a perturbed
tertiary structure. Furthermore, this structural rearrange-
ment was fully reversible, as evidenced by the fact that
a sample previously incubated at pH 2 again attained the
fluorescence enhancement seen in Fig. 3 A upon pH
increase.
Unfolding and dissociation of dimeric WGA

As indicated above, DSC measurements taken at pH > 2 re-
vealed the presence of an endothermic peak evolved from
the dissociation of the dimer. As shown in Fig. 4 A, the
temperature at which the dissociation peak reached its
maximum (Tp,dis) increased significantly as pH was aug-
mented. Thus, the dimer stabilizes as pH moves toward
the isoelectric point of the lectin (pI ¼ 7.3), although the
stability seems to remain almost constant between pH 5
and 7. In contrast, the temperature at which the monomer
unfolding peak reached its maximum (Tp,U) varied only
slightly at pH% 4, whereas it moved to higher temperatures
at higher pH values, with a significant increase in the area
under the peak, particularly at neutral pH. Nevertheless,
under such conditions, the right side of the peak drops
abruptly due to the exothermic effect accompanying the
irreversible precipitation of the protein (Fig. 1).

To quantify WGA dimerization energetics, we carried out
IDC measurements as a function of temperature and pH.
Small aliquots of a high-concentration protein solution
were added stepwise to the calorimeter cell loaded with
buffer solution. The evolved heat signals are proportional
to the dissociation enthalpy and the number of moles of
dimers that dissociate upon dilution, which in turn depends
on the dissociation constant and the total protein concentra-
tions in the calorimeter syringe and reaction cell (Eqs. 2 and
3). The calorimetric data are well described with a dimer
dissociation model, which includes the dilution heat of the
protein as a fitting parameter (Fig. S3). Table 2 A summa-
rizes the results of the IDC determinations at pH 3 as a
function of temperature, in terms of dimer formation.
FIGURE 4 Stability of WGA as a function of pH. (A) Temperature at whic

(open symbols) reach the maximum, as determined by DSC. (B) Dimerization e
Dimerization was enthalpically driven throughout the
spanned temperature range. This favorable contribution
was partially canceled out by an entropy decrease, except
at 30�C (the lowest temperature assayed), where the entropy
was favorable.

Fig. 5 shows the self-association enthalpy (DHA) as a func-
tion of temperature. Two different trends can be distin-
guished in the plot. At lower temperatures (T % 35�C),
DHA varied linearly. In contrast, an increasingly more nega-
tiveDCpDwas observed at higher temperatures. Considering
only data between 30�C and 35�C, a heat capacity change
(DCpA) of �794 5 8 cal mol�1 K�1 is obtained. Surface
area-based calculations using the x-ray structure of WGA
yielded dimeric interfacial polar and apolar areas of �1670
and �2630 Å2, respectively. This area composition yields
an interface hydropathy index (DAp/DAt) of 0.39, which is
comparable to the average value observed in protein homo-
dimers (26). According to Eq. 4, these changes are consistent
with an expected DCpA of �750 5 57 cal mol�1 K�1. It is
worth noting that in the surface-area calculations, a rigid-
body-like association behavior was assumed. Therefore,
the good agreement between experimental and calculated
DCpA values indicates that below 35�C, WGA subunits
self-associatewithout undergoing significant conformational
changes. In contrast, the behavior observed above 35�C, in
which an increasingly more negative DCpA is apparent,
typically is observed in protein complexes where at least
one of the interacting molecules folds upon binding
(27–29). In such cases, the observed energetics is a result
of the pure binding plus the folding contributions. As temper-
ature increases, a larger fraction of the free molecule
becomes unfolded, thus yielding a larger apparent DCpA.
Indeed, consideration of both IDC and DSC results confirms
that this is the case for WGA. As shown in Fig. 2 B, the onset
of the unfolding processes occurs at approximately the
temperature where thermal dependence ofDCpA is no longer
linear. Therefore, it can be concluded that the low-tempera-
ture peak evident in DSC traces at pH R 2.5 evolves from
coupled dissociation and partial subunit unfolding heat
effects.
h the dissociation peak (solid symbols) and the monomer unfolding peak

quilibrium constant at 37�C, determined by IDC.

Biophysical Journal 101(6) 1423–1431



TABLE 2 Dimerization energetics of WGA measured by IDC

A. At pH 3, as a function of temperature

T

(�C)
KA

(M�1 � 10�3)

DGA

(kcal mol�1)

DHA

(kcal mol�1)

TDSA
(kcal mol�1)

30 12.1 5 0.2 �5.7 �3.4 5 0.2 2.3

33 8.3 5 0.5 �5.5 �5.8 5 0.2 �0.3

35 7.3 5 0.4 �5.5 �7.4 5 0.4 �1.9

37 6.5 5 0.3 �5.4 �9.6 5 0.5 �4.2

40 6.2 5 0.4 �5.4 �14.8 5 0.2 �9.2

43 3.5 5 0.7 �5.1 �23.6 5 0.3 �18.5

46 0.8 5 0.1 �4.3 �34.2 5 3.1 �29.9

B. At 37�C, as a function of pH

pH

KA

(M�1 � 10�3)

DGA

(kcal mol�1)

DHA

(kcal mol�1)

TDSA
(kcal mol�1)

3.0 6.5 5 0.3 �5.4 �9.6 5 0.5 �4.2

3.5 12.5 5 1.6 �5.8 �2.7 5 0.1 3.1

4.0 33.3 5 0.9 �6.4 �1.9 5 0.1 4.5

4.5 44.0 5 1.7 �6.6 �0.9 5 0.1 5.7

FIGURE 5 Dimerization enthalpy of WGA at pH 3 (50 mM Gly/HCl,

0.1 M NaCl) as a function of temperature. The solid line represents the

best fitting of a third-order polynomial, which yields increasing DCpA
from �0.8 kcal mol�1 K�1 at 33�C to �5.5 kcal mol�1 K�1 at 46�C.
The dotted line represents the best fitting of a straight line to data in the

30–35�C temperature range, with DCpA ¼ �0.8 kcal mol�1 K�1.
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IDC measurements were also carried out at a constant
temperature (37�C) as a function of pH. Results for only
the 3.0–4.5 pH range are presented (Table 2 B). Below
this range, the interaction was too weak to be measured by
IDC, whereas above pH 4.5, measurements were precluded
due to low protein solubility and small heat signals.
Although the dimer was enthalpically driven at pH 3, at
higher pH values the entropic contribution became favor-
able and predominant. As shown in Fig. 4, the variation of
KA versus pH resembles that of Tp,dis. Therefore, DSC
may be used as a convenient way to check the dimerization
state of WGA. The curve shown in Fig. 4 B has a typical
acid-base titration sigmoidal shape, with an apparent
midpoint between pH 3.5 and 4.0. Free carboxylate groups
in proteins usually have pKa values in this pH range. Inspec-
tion of the crystal structure of WGA (PDB 2UVO) reveals
two pairs of equivalent acid residues (two residues per
subunit) whose charged groups form part of the dimer inter-
face: Asp86 and Glu115. Each Glu115 is hydrogen-bonded to
the hydroxyl group of Tyr37 at the other subunit, and forms
part of a carbohydrate-binding site. In the case of Asp86,
each residue forms an intercatenary salt bridge with Arg84.
Of interest, the two pairs of intermolecular interactions are
highly solvent-exposed. Thus, small pKa shifts may be ex-
pected for the corresponding carboxylate groups, consistent
with the apparent pKa value observed in Fig. 4 B.
DISCUSSION

In this work, we used high-precision calorimetric techniques
to characterize the stability and assembly mechanism of
WGA isoform 1. The body of experimental data presented
here indicates that dimer formation is a complex process
that varies depending on the solution conditions. Subunit
folding is a multistep process in which each of the four
Biophysical Journal 101(6) 1423–1431
hevein-like domains undergoes a two-state transition. Under
conditions in which the free subunits have the four domains
properly folded, dimerization proceeds following a rigid-
body-like association. Acid- or thermal-induced unfolding
of WGA domains efficiently opposes dimer formation.
Nevertheless, there are some mild denaturation conditions
in which the free subunit has a labile domain unfolded but
the intermolecular contact is able to offset the energetic
cost of the domain’s folding. Under such circumstances,
a folding-by-binding event takes place.

Self-association is a recurrent characteristic in a large
number of plant lectins (30). In most cases, each protomer
carries a single carbohydrate-recognition site. Therefore,
homo-oligomerization is mandatory in these lectins to
create the multisite scaffold that gives them the capacity
for cell agglutination, a major defense mechanism in plants
(6). The unfolding/dissociation processes of several homo-
oligomeric plant lectins have been characterized thus far,
mainly through chemical denaturation studies. Table 3
summarizes and compares the quaternary formation proper-
ties of these lectins. Most of these lectins have proven
obligate oligomers, i.e., the subunits require quaternary
structure formation to acquire the native conformation.
In a sense, peanut lectin is an exception to this trend. This
tetramer dissociates into compact monomers (31). Never-
theless, the free subunits adopt a molten-globule-like con-
formation, with reduced carbohydrate binding capacity
(32). The lectins shown in Table 3 have considerably high
structural stability, with coupled folding/oligomerization
free energies of Gibbs ranging from �13 to �30 kcal mol�1

(dimer units). An exception to this is the case of frutalin,
which shows a DGA of only �6 kcal mol�1 (dimer units).
Nonetheless, the actual stability of frutalin corresponds to
that of the tetramer, as this oligomer forms from the
unfolded free subunits in an all-or-none process (39). In
fact, this formation mechanism and high structural stability
are not surprising for proteins that require the oligomeric
state to perform their biological activity.



TABLE 3 Formation mechanism and energetics of homo-

oligomeric plant lectins

Lectin

Quaternary

assembly*

DGA
y

(kcal mol�1)

Temperature

(�C) pH Ref.

Legume lectin

Concanavalin A 4U /N4 �15 39 7.4 (33)

Concanavalin A 2U /N2 �16 35 5.0 (34)

Erythrina corallodendron

lectin

2U /N2 �16 37 7.4 (35)

Erythrina indica lectin 2U /N2 �23 40 7.2 (36)

Pea lectin 2U /N2 �18 37 7.2 (37)

Peanut lectin 4I /N4 �15 37 7.4 (31)

Soybean agglutinin 4U /N4 �30 37 7.4 (33)

Winged bean acid

lectin II

2U /N2 �13 35 5.0 (34)

Jacalin-related lectin

Banana lectin 2U /N2 �18 25 7.0 (38)

Frutalin 4U /N4 �6 20 7.4 (39)

All data were determined from chemical denaturation assays.

*U, unfolded state; N, native state; I, folding intermediate state.
yExpressed in terms of mol of dimer.
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At variance with the above lectins, WGA behaves as a
weak, nonobligate homodimer. Although it was not possible
to determine the dimer stability of WGA at neutral pH (as in
most instances in Table 3), an inspection of Fig. 4 suggests
a DGA value close to �7 kcal mol�1. This distinct behavior
may imply that for the function of WGA, oligomerization is
not as essential as it is for other plant lectins. In this context,
it is relevant to mention the behavior observed for Urtica
dioica agglutinin. This small protein is composed of two
hevein-like domains, each of which possesses a carbohy-
drate-binding site (40). Thus, in spite of being monomeric,
U. dioica agglutinin is able to agglutinate erythrocytes
because its bidomain constitution. WGA could well behave
likewise. Individual WGA domains have been shown to be
binding competent (41). Thus, although self-association is
crucial for WGA to attain maximum ligand affinity, the
free monomers could also have significant activity. This
situation would make dimerization less mandatory for
WGA than for other oligomeric lectins with unicatenary
recognition sites. On the other hand, it is worth recalling
that several solution studies on the interaction of WGA
with carbohydrates were carried out using relatively low
protein concentrations. For instance, Bains et al. (18) used
30 mM WGA, pH 4.7, in their ITC measurements. Accord-
ing to dimerization constants in Table 2 B, in such experi-
ments the fractions of subunits in monomeric and dimeric
state could be similar to each other. Under such conditions,
a complex equilibrium is taking place between ligand
binding and lectin dimerization. Other binding studies on
WGA (16,42–48) used lectin concentrations similar to or
even smaller than those used by Bains et al. It follows
then that a reexamination of the sugar-binding properties
of WGA is needed.

At pH 2, where the agglutinin is monomeric, one of the
domains is unfolded at room temperature. Further data are
still required to identify which domain is unfolded, as
well as to determine which structural domain corresponds
to each transition detected in the DSC traces. To address
this issue, we are currently in the process of expressing
the isolated domains of WGA to characterize the individual
folding energetics. This study will also help us ascertain
whether interdomain folding cooperative effects are signif-
icant. In the meantime, it can be anticipated that domain
B is one of the domains folded at pH 2. At variance with
the other three domains, domain B is the only one that
does not have any Trp residue. Therefore, it is less likely
to be responsible for the fluorescence quenching observed
at pH 2. Furthermore, sequence-based estimations (49)
reveal that in going from pH 7 to pH 2, domain B has a
smaller increase in its net electric charge (þ1.2) as com-
pared with domains C (þ2.2), A (þ3.2), and D (þ4.2).
Thus, the stability of domain B is presumably less com-
promised than that of the other three domains as the pH
diminishes.

Regardless of which domain unfolds at low pH, this study
shows that not only is the WGAmonomer highly resistant to
acidity, but that the conformational changes undergone by
the lectin can be reversed by increasing pH. This property
makes WGA highly suitable for peroral lectin-mediated
drug delivery (7). In the stomach, the lectin would be
present as a partially unfolded monomer. Binding experi-
ments have shown that under such conditions, WGA binds
poorly to pig gastric mucin (50). Thus, it is expected that
the drug’s vehicle will not be absorbed preferentially at
this part of the gastrointestinal route. Once it reaches the
intestine, an optimal zone for drug absorption, WGA will
again attain its fully active conformation.
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