Biochemistry2001,40, 7291-7300 7291

The Reversible Two-State Unfolding of a Monocot Mannose-Binding Lectin from
Garlic Bulbs Reveals the Dominant Role of the Dimeric Interface in Its
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ABSTRACT. Allium satvumagglutinin (ASAI) is a heterodimeric mannose-specific bulb lectin possessing
two polypeptide chains of molecular mass 11.5 and 12.5 kDa. The thermal unfolding of ASAI, characterized
by differential scanning calorimetry and circular dichroism, shows it to be highly reversible and can be
defined as a two-state process in which the folded dimer is converted directly to the unfolded monomers
(A2 < 2U). Its conformational stability has been determined as a function of temperature, GdnCl
concentration, and pH using a combination of thermal and isothermal GdnCl-induced unfolding monitored
by DSC, far-UV CD, and fluorescence, respectively. Analyses of these data yielded the heat capacity
change upon unfoldingAC,) and also the temperature dependence of the thermodynamic parameters,
namely,AG, AH, andAS. The fit of the stability curve to the modified Gibbsielmholtz equation provides

an estimate of the thermodynamic parameterl, AS;, andAC, as 174.1 kcal mot, 0.512 kcal mot?!

K~1, and 3.41 kcal moft K71, respectively, aly = 339.4 K. Also, the free energy of unfoldingGs, at

its temperature of maximum stabilitf{= 293 K) is 13.13 kcal moi. Unlike most oligomeric proteins
studied so far, the lectin shows excellent agreement between the experimentally deteXx@in8® +

0.28 kcal mot! K—1) and those evaluated from a calculation of its accessible surface area. This in turn
suggests that the protein attains a completely unfolded state irrespective of the method of denaturation.
The absence of any folding intermediates suggests the quaternary interactions to be the major contributor
to the conformational stability of the protein, which correlates well with its X-ray structure. The small
AC, for the unfolding of ASAI reflects a relatively small, buried hydrophobic core in the folded dimeric
protein.

Determination of the conformational stability of a protein questions pertaining to the role of subursubunit interac-
is critical for the appropriate knowledge of the physical tions for the overall stability and integrity of oligomeric
interactions that stabilize the protein. The stability estimate proteins 8).

of a protein is very often based on the analysis of denaturant- e crystal structures of representative monocot mannose-
induced or thermally induced unfolding transitions measured binding lectins, namely, the snowdrofdlanthus nialis)

either spectroscopically or calorimetricall<5). . (9), daffodil (Narcissus pseudonarcisgu$10), bluebell

The choice of protein is an important factor in determining (Scilla campanulatp(11), amaryllis, Hippeastrum hybri}
the physical interactions underlying its conformational stabil- (12), and garlic Allium satibum) (13) lectins, classify them
ity and folding pathway. The criteria, normally suited for 5 1yt of 3 new mannose-specific lectin superfamily. These
.eql.*"'b”“m denaturation and kinetic stu_d|es, are the revers- bulb lectins are an extended superfamily of structurally and
ibility and al§o knowledge of the thrge-d|men3|onal structure evolutionarily related proteins identified so far in Amaryl-
of the protein. Wo_rk along these_ lines has Iar_gely focused lidaceae, Alliaceae, Araceae, Orchidaceae, Liliaceae, and the
on _small monomeric proteln_s! which have_ provided a wealth recently reported Iridaceae familiek4, 19. Their subunits
of |tnf_0rmat|onAc|)n the stal_;nl!ty afnd ftol_dmghpathways .Oft possess a novel interrelated pseudo-3-fold symmetry having
proteins 6, 7). A large repertoire of proteins, however, exis three 4-stranded antiparall@isheets oriented as 3 sides of

as oligomers, and hence it becomes imperative to addressa trigonal prism forming a 12-strandgebarrel, referred to

"The VPDSC facility was funded by a grant from the Department as t.helB'prism I fQ'd (Figure 1). These 12 strands a_re
of Science and Technology, Government of India, under their IRHPA positioned perpendicular to the plane of symmetry unlike
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Fellow program of the Department of Biotechnology, Government of the j-trefoil [e.g., amaranthin(7)] fold (13). The core of

India under a grant to A.S. this g-barrel is lined with conserved hydrophobic side chains,
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Protein Purification ASAI was purified to homogeneity
as described previouslR Q).

Differential Scanning Calorimetry MeasuremenBSC
scans for measuring the change in excess heat capacity as a
function of temperature were performed using a Microcal
Inc. VP-DSC heat conduction scanning microcalorimeter,
which consists of two fixed 0.5073 mL cells, a reference
cell and a sample cell. The DSC scans were carried out as
a function of protein concentration, scan rate, and pH. The
protein concentrations used were 4, 8, 16, 32, ang4
DSC measurements at varying pH from 5.0 to 8.0 were
carried out. Citrate phosphate buffer (20 mM) was used for
the pH range 5.66.5, while for pH ranging from 7.0 to 8.0,
the samples were equilibrated in 20 mM PBS. All solutions
used for DSC were degassed prior to being loaded onto the

Ficure 1: (A) Schematic of the three-dimensional structure of the calorl_meter. ReverS|b|_I|ty of the thermal transitions was
heterodimeric ASAI solved at 2.4 A (PDB code 1lbwu). (B) €xamined by rescanning the samples. Data were analyzed
Orientations of the three tryptophans (Trp41 and Trp74 and Trp103 using the ORIGIN DSC software provided by Microcal Inc.
from the dimer-related subunit) forming the hydrophobic core of for a two-state A < 2U process.T, and T, are the

the ASAI monomer are highlighted in theprism fold Il in CPK i
notation. The His77 is shown in ball-and-stick. Prepared using temperature of half of the transition peak area and the

WebLab ViewerLite 3.5. temperature at which the transition peak is at its maximum,
respectively. The calorimetric enthalpiK.) is determined

agglutinin 1 (ASAI)! and homodimeric, ASAII18). Inter-  (AHy) was determined by fitting the data using the Origin
estingly though, snowdrop lectin (GNA) and garlic lectin Software assuming a4~ 2U type transition. The ratidH/

(ASA) exhibit identical subunit organization and share 70% AHv provides the cooperativity of the transitio®2, 23.
homology at the amino acid level; GNA exists solely as a Fluorescence Measuremenihe fluorescence measure-

tetramer and ASAI only as a dimer. A thermodynamic Ments were made on a JASCO FP777 spectrofluorometer in
analysis of the unfolding behavior of these lectins can provide @ 1 ¢m water-jacketed cell. The excitation and emission
the key to assess the stability and its effect on the oligo- wavelengths were fixed at 280 and 359 nm with slit widths
merization of these proteind g). for both monochromators set at 5 nm. Each measurement
In this paper, we report the structural stability of ASAI Was an average of three readings. For prot(_a!n concentration
using high-precision differential scanning calorimetry (DSC), dependence, 5 and 18 samples were equilibrated at the
fluorescence, and circular dichroism spectroscopy (CD) to desired temperature for12 h prior to measurement. Isother-
gain insight into its unfolding behavior. This investigation Mal GdnCl-induced denaturation measurements were made
shows the unfolding of garlic lectin to follow a two-state &t nine temperatures from 283 to 323 K, usinghd protein
process, where unfolding and dissociation proceed hand-in-Sample in 20 mM PBS, pH 7.5.
hand. This is well explained in terms of the equilibrium  CD Measurement<D recordings were made on a Jasco
population of folded dimers and unfolded monomers to J-715 spectropolarimeter interfaced to a microcomputer for
obtain the estimates of its conformational stability. The high automatic data collection and analysis. Temperature scans
degree of reversibility of the denaturation of this protein, Were performed by scanning continuously from 20 t¢°@0
seen both calorimetrically and spectrophotometrically, as well in & 1 mmrectangular quartz cuvette monitored at 216 nm.
as knowledge of its three-dimensional structure makes this The data were collected with a bandwidth of 1 nm, response
an amenable system for following protein folding pathway- time of 8 s, and scan speed of 10 nm/min. Protein samples
(s) in multimeric proteins. In addition, the thermodynamic Were incubated for810 h at the desired denaturant (GdnCl)
parameters evaluated conformed to the linear extrapolationconcentration before measurements were taken to attain
model (LEM) for proteir-denaturant interactions, which equilibrium. Concentratio.ns of protein used were 1, 2, 5, 10,
incidentally is the first report wherein LEM has been tested and 15:M. Each data point was an average of 4 accumula-

on an oligomeric al3-sheet protein. tions. Reversibility of protein unfolding was checked by
return of the complete spectrum upon thermal unfolding
EXPERIMENTAL PROCEDURES followed by subsequent cooling to ambient temperature.

Data Analysis Protein stability is defined by Becktel and

Schellman 24) as a function of the free energy of unfolding
| (AG) with respect to temperature. For dimeric protein,
andT, obtained from DSC depend on the concentration of
the protein subunits whereas the concentration-independent
Gibbs-Helmholtz equation is obtained by usify as a
reference temperature, whefgis the temperature at which
— _ : — AGr = 0. AG was calculated from the experimental
1 Abbreviations: ASAIAllium satvumagglutinin I; GNA,Galanthus transition enthalpies &, (AHr), Ty, andAC,, which is the
nivalis agglutinin; DSC, differential scanning calorimetry; CD, circular . . . 1o P
dichroism; GdnCl, guanidine hydrochloride; PBS, phosphate-buffered difference in heat capacity between the native and unfolded
saline; AH,, calorimetric enthalpyAH,, van't Hoff enthalpy. states, using the modified Gibbslelmholtz equation45):

Materials Mannose was obtained from Sigma. Guanidine
hydrochloride (GdnCl) was procured from USB. All other
chemicals used were of analytical grade. Stock GdnC
solutions were prepared in 20 mM PBS, pH 7.5, and its
molarity was determined by the refractive index measured
on the Abbe refractometer as described by Pace e2@). (
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AHr = AHy + AC(T — Ty () , ,
A
AS; = A§, + AC, In(T/Ty) (2) o
s - A
AG = AH — TAS 3) 2
AGy = AH (1= T/Ty) — AC,(T,— T) — AC,TIn(T/T,) Sl - .
(4) z |
AHy andAS, are the values ofiH andASat T,. For solvent s [
denaturation curves, the key parameter is thme value, S_; wob
defined as the gradient of change in the folding free energy < G T T e e
with molar denaturant concentration. According to LERG( e Wavelength (nm)
27), the changes iIAG, AH, AS, andAC, that accompany s I
protein unfolding have a linear dependence on the molar “
concentration of the denaturant, i.e.:
AG, = AG, , + MGdnCl] 5) i
AS, = AS, o+ §GdnCl| (6) i ¢, .’
AH, = AH,, 5+ h[GdnClI] @) L . 1 . : . 1 .
2 20 40 60 80 100
AC,, = AC, ;5 + c[GdnCl] (8) Temperature (@)

FiIGURE 2: Representative DSC scan of 38R ASAIl at pH 7.5 at

. a scan rate of 20C/h. The data points are shown as open circles
AGy, AS,, AH,,, andAC,, represent the respective parameters o) “The two-state fit is shown as a solid line, while the baseline

obtained in the presence of a known GdnCl concentration. is shown as a dotted line. The rescan after thermal equilibration of

The denaturant concentration at whid/G, = 0 at any the sample at 96C for 1 h isshown as a dashed line. Down-scan

temperature is given b@., so thatAGy,o = —Cym. of the sample is shown as a thick line. (Inset) Reversibility of ASAI
Tf?e thermal ugnfoldingrgurves obtairl:é% usingmfar-UV cp. & observed after unfolding in the presenté b GdnCl followed

. . . tby refolding as monitored by (A) CD and (B) fluorescence. The
in the absence and presence of varying concentrations ofsgjig line represents the spectra of the native protein whereas the

GdnCl (0.5-5.0 M), were normalized to the fraction folded, dashed line represents the refolded protein.

fn (=1 — fu), using the equation: i .
n ( u) g g reversibility of ASAI as monitored by CD and fluorescence,

fu =Y, — (Y; + m[D]D/{(Y, + m[D]) — (Y; + m[D])} respectively. Shown in Table 1 and consistent with the
(9) reversibility of the transition, data at higher scan rates exhibit

very small increase iy, and T,, while AH, remains the

where fy is the fraction unfolded,Y, is the observed  same. The protein concentration dependenc@,dor an

spectroscopic property, antk and Y; are the slope and  oligomeric protein undergoing dissociation is related by the
intercept of the folded state baseline, respectively, while  equation 9):

and Y, are those for the unfolded baseline at denaturant

concentration [D]. These unfolding profiles when fitted to N [ASAI] = —AH (S/[RTy(n — 1)] + constant (13)
eq 4 provide an estimate dfHy, AS;, and AC, at each ) o )

GdnCl concentration, the temperature of maximum stability yvheren is the number of Subunlts_ in the ohgomer, [ASAI]
(T, and the temperature at which the enthalpy is z&p (1S the concentration of the: protein oligomer in the native
Additionally, the conformational stability afs (AGs) can state, andAH\(S) is the van't Hoff enthalpy obtained from

be obtained for each curve by the equations: the slope of In [ASAI] versus Tf. A plot of In [ASAI]
versus 1T, is shown in Figue 3 , and the van't Hoff
In(T/T) = AHJTAC, (10) enthalpies calculated from the slop&H,(9)] are listed in
Table 1. The observed increase in the transition temperature
T, =Ty— AHJ/AC, (112) with protein concentration highlights the concerted dissocia-
tion and unfolding of ASAI. Reasonable agreement between
AG;= AC(T,—Ty) (12)  the values ofAH, obtained by the two-state fits of the

transition data with those determined by a plot of In [ASAI]
RESULTS versus 1T, [i.e., AH,(S with n = 2] validates treatment of
Differential Scanning CalorimetnA typical scan of ASAI the transition as a A— 2U type transitior?. _

along with the fit of the single transition peak data to a two- e also recorded DSC thermograms as a function of pH,
state transition model is shown in Figure 2. The transition ranging from 5.0t0 8.0, i.e., under the conditions the protein
peak was also observed upon down-scan of the sample;
indicating the transition to be thermally reversibie90%). 2The coupled dissociation and unfolding of the ASAI heterodimer
Also, even on thermostating fd. h at 90°C, that is, well ~ Can also be represented by the general scheme-ABU. As both

. monomers of the ASAI heterodimer are structurally and functionally
past itsTy, value, the scan reappeared to the extent of 80%

> _ ! - equivalent (A= B), the unfolding process is described appropriately
or more. Also seen in Figure 2 (insets A and B) is the by A, < 2U.
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Table 1: Dependence of DSC Transition Quantities on Concentration of ASAIl at gH 7.5

concn scan rate Tm AHy AHc AHJAH, Tp AH(S
(uM) (°Ch™ (°C) (kcal mol?) (kcal mol) ratio (°C (kcal mol)
32.0 20.6-90.0 69.8-71.1 112.6-119.0 108.6-136.0 1.08-1.23 68.8-70.9
4.0 20.0 66.6 112.0 96.4 0.86 66.7 135.0
8.0 67.5 113.0 116.0 1.03 68.5
16.0 68.9 115.0 118.0 1.03 69.7
32.0 69.8 117.0 118.0 1.01 69.9
64.0 69.9 119.0 116.0 0.97 71.7

aUncertainties in the various parameters listed above are as follevdsl K for Ty; £5.6 kcal mot? for AH,, AH., and AH(S); 0.9 for
AHJAH,.

5 135
L4 130 .
41 .
[ ] TA
= —g 125
z . =3 ¢
- r 1204 I
<
') .
2 |
115 4
[ ]
O
1 : . . ; 110 T T v T T T T
0.00290 0.00291 0.00292 0.00293 0.00294 0.00295 8 69 70 7 72 73 74 7% 7%
1T, K T,(°C)

Ficure 4. Slope of the plot of enthalpy obtained from the individual
DSC runs (AH,) vs Ty, yields the value oAC, = 3.03 kcal mot*
K1, The different pH points used for the study were 5.0, 5.5, 5.8,
6.0, 6.2, 6.5, 7.0, 7.5, and 8.0 (correlation coefficien0.91).

FiIGURE 3: Plot of In [ASA] vs 1,. The line is the linear least-
squares fit of In [ASAI] to 1T, with correlation coefficient= 0.96.

Table 2: Thermodynamic Parameters for the Unfolding of ASAI As
Monitored by DSC at a Concentration of &1 as a Function of

pH at a Fixed Scan Rate of 2@ h12 z 4000 i

pH Tm (°C) AH, (kcal mofy) T, (°C) S 3500 | o

[ e

5.0 75.5 132.0 75.7 5 o0l ™

5.5 74.6 130.0 74.5 s e N

5.8 73.9 128.0 725 < 500 7 AN

6.0 73.1 125.0 72.3 z AN

6.2 72.5 122.0 72.1 © 2000 -

6.5 72.2 120.0 71.9 I N AN

7.0 70.9 118.0 70.1 g 1500 | AN N

7.5 69.8 117.0 69.9 g ™

8.0 69.2 112.8 68.4 2 1000 -

fod

@ Uncertainties inTy, and AH, are +0.1 K and+ 5.4 kcal mot?, S sol

respectively. [ ¥
o Ll 1 ]
. 320 340 360 380 400

does not undergo any major structural change. The enthalpy Wavelength (nm)

(AH,) obtained as a ‘two-state model’ fit of the above scans,
when plotted against the respectilgs yielded a slope (3.03
kcal mol* K~1) which is an estimate of the heat capacity,
AC, (Table 2 and Figure 4). This estimate, which cor-
roborates well with the fit of a single scar2.82 + 0.36
kcal molt K1), is considered more accurate owing to the
errors associated with the selection of the unfolded baseline
(27, 29. Thus, the thermal unfolding of ASAI monitored from 328 nm, exhibited a marked increase in fluorescence
by DSC was adequately represented by the two-state dis-(Figure 5). At pH 4.0, the fluorescence spectra showed a
sociation model with only two significantly populated states, similar increase in fluorescence upon unfolding, but the
the folded dimer and the unfolded monomers. fluorescence intensity was lower by about 40% (data not
Two-State Unfolding of ASAPreliminary insights pro-  shown). Fluorescence in conjunction with CD was employed
vided by the DSC scans were fortified by the use of to monitor the process of unfolding as a function of chemical
spectroscopic probes to follow the process of unfolding of and thermal denaturation. Analysis of the GdnCl denaturation
ASAI. Fluorescence emission spectra of native and fully curves was based on the assumption that only two states,
denatured ASAI, though substantially red-shifted to 344 nm the native and denatured forms, exist at equilibrium; i.e.,

Ficure 5: Fluorescence emission spectra of native and denatured
ASAI (5 uM) at 298 K with (dashed line) and without (solid line)

6 M GdnCl in 20 mM PBS, pH 7.5, show the increase in
fluorescence intensity and also the substantial red shift ofthe
from 328 to 344 nm upon unfolding of ASAI. Excitation was at
280 nm. The protein concentration wag:8l.
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Ficure 6: (A) GdnCl-induced denaturation curves monitored by
fluorescence®), far-UV CD (a), and near-UV CDI[) at 298 K.
The solid line for each profile represents the best fit according to
ref 51. (Inset A) Effect of concentration on the GdnCl-induced
denaturation of ASAI as monitored by fluorescence at 298 K. The
protein concentrations used were &) @nd 15«M (H). (Insets B
and C) Far- and near-UV CD spectra, respectively, of native ASAI
(—) and ASAI denatured with 7.5M GdnCH+(—)

subunit interactions contribute to the overall protein confor-
mational stability. Essentially the unfolding reaction starts
with the folded dimer (A) and ends with two unfolded
monomers. If both folded monomer and folded dimer are
significantly populated in the transition region, a three-state
model involving equilibrium dissociation of dimer into mono-
mers followed by their melting to random coils may be ap-
plied for the unfolding transition of the protein, defined by:

Kl K2
A,==2A=2U (14)
where
K, =1[A] 2/[A2] andK, = [UJ/[A] (15)

Biochemistry, Vol. 40, No. 24, 20077295

A, < 2U (16)

where

K, = [UI7[A] (17)
Unfolding transitions of this kind would exhibit an increase
in protein stability with increase in the protein concentration
(Figure 6, inset A). Here, the dimeric state is seen to be
significantly populated in the transition zone. From eq 17
andP; = [U] + 2[A] follows eq 18:
Ky= 2P {f,7(1 — 1)} (18)

whereP; is the total monomeric protein concentration and
fu the molar fraction of the unfolded protein. Insets B and C
of Figure 6 depict the far- and near-UV CD spectra of the
native () and denatured— —) protein, respectively, at-
testing to the absence of any residual structure in the fully
denatured protein.

Thermal Unfolding followed by Circular DichroisrSC
data were complemented with the analyses of thermal
denaturation profiles studied by CD. Figure 7A shows the
shift in heat denaturation to lower temperatures with increas-
ing GdnCl concentration. At concentrations higher than 5.0
M GdnCl, the protein was fully unfolded, and no transitions
were seen. For thermal transitions, the apparent free energy
change at any temperature (in the absence and presence of
GdnCl) is obtained from eqs 17 and 19:

AG = —RTIn K, (29)

The transitions, characterized by a single sharp change in
ellipticity, are typical of a two-state model. Thermodynamic
parameters derived from fitting these curves to the van't Hoff
analyses show that an increase of GdnCl concentration
reduces the thermal stability of the protein (i.By, values)

and also the enthalpy change upon unfolding. Analyses of
these profiles using eqs—4.1 provide an estimate &fHyg,

AS;, AC,, AGs, andTs at each GdnCl concentration (Table
3). Plot of AHy and Ty, obtained above, yields a measure of
the apparenAC, = 3.01 kcal mot! K~ (Figure 7B). The
AC, from the least-squares fits of the individual curves using
eq 4 increases with increasing GdnCl concentration as plotted
in Figure 7C. Moreover, the free energy values obtained from
the thermal unfolding profiles of ASAIl were used to evaluate
the [GdnClI] dependence of the thermodynamic parameters,
namely,AHr, ASr, andAGr, as a test of the LEM. These
values were calculated for several temperatures between 260
and 350 K using eqs-14 to establish their linear relationship
with molar concentrations of GAnCAHy, ASy, and AGr

thus obtained at different temperatures [2@5,(280 ©),

and 295 K 4)] were plotted with respect to the correspond-
ing GdnCl concentration (Figure 7EF). AHT and ASy

Transition of this nature may be biphasic or the denaturation change linearly with GdnClI concentration in a manner that
curves nonsuperimposable when distinct spectroscopic probeshe AGr decreases linearly with respect to GdnCl concentra-

are employed to monitor the unfolding pathway. The GdnCl

tion, conforming to the LEM. The slopes for the plots of

denaturation profiles obtained by fluorescence and far- and AHr and ASr are different at different temperatures. The

near-UV CD are virtually coincident, supporting the assign-
ment of a simple two-state model involving a single native
(A2) and a single unfolded form (U) for the equilibrium data
(Figure 6). This situation simplifies eq 14 to include only
folded dimers and unfolded monome®:(

slopes are-4.83 and—0.023 forAHt and ASy, at 265 K,
respectively, while at 295 K they are2.13 and—0.0134.
Increase in the slope with increase in temperature suggests
the proteir-denaturant interaction to be affected by tem-
perature 4, 30. Extrapolation of the linear plots of Figure
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Ficure 7: (A) Thermal denaturation of ASAI, monitored by far-UV CD at 216 nm. The scans are in the ab&grared(presence of 0.5
(0),1.0(),2.0(),3.0@), 4.0 ), and 5.0 M ) GdnCl. A linear extrapolation of the baselines in the pre- and post-transitional regions
was used to determine the native fraction of the protein within the transition region by assuming a two-state mechanism for unfolding. (B)
The linear relationship, with a slope 3.01 kcal moft! K—1, betweenHy and Ty is a measure of the apparent heat capacity and has a
correlation coefficient= 0.94. (C) [GdnCI] dependence &C,. (D—F) [GdnCI] dependence of various thermodynamic factors, namely,
AHt (D), ASr (E), andAGry (F) at 265 @), 280 (©), and 295 K 4). The values plotted were calculated using eg<1

7D gives the value ofAHr at 0 M GdnCl at different  squares-fit to eq 4. It provides an estimateTgfAHy and
temperatures. The values &fir thus obtained when plotted AC, as 339.4 K, 174.1 kcal mot and 3.41+ 0.32 kcal
against the respective temperatures have a slope which isnol™* K~1, respectively, which is in good agreement with
an estimate oAC, = 3.32 kcal mot! K1 (data not shown).  the value obtained from the thermal transitions monitored
Equilibrium Unfolding.AC, was also obtained from the by CD. The closed circles®() in Figure 9A represent the
unfolding free energies evaluated from the GdnCl denatur- AG, values calculated from the thermal denaturation experi-
ation curves recorded at nine temperatures below the thermaments shown in Figure 7A, assuming the two-state model.
transition zone ranging from 283 to 323 K (Figure4822). Coincidence of the two data set points, nhamely, thermal and
These curves when analyzed using eqs 5, 18, and 19 gavésothermal melts, reiterates the LEM to appropriately define
the free energy of unfolding in wateAG,0)], @s shown in the protein-denaturant interactionC,,, defined by the
Table 4 and plotted in Figure 9A [open circled)], with equation—{ RTIn [protein] + AGw,0)}/m, plotted as a func-
the assumption thaAC, is constant over the temperature tion of temperature shows the protein to be less stable above
range studied. The unfolding free enery$r at temperature  and below 293 K (Figure 9B). This variation in the value of
Tis given by eq 4. The data shown in Figure 9A were least- C,, can be accounted for by shorter protein baselines at
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Table 3: Thermodynamic Parameters for the Thermal Unfolding of ASAI at pH 7.5 Monitored by Far-UV CD at 216 nm

[GdnCI] T, AHgq AS, AC, Ts AGs
(M) (K) (kcal mol) (kcal molt K1) (kcal mol K1) (K) (kcal mol)
0.0 3394 173.2 0.51 3.20 289.37 13.10
0.5 337.2 152.8 0.45 3.25 293.32 10.17
1.0 333.8 142.5 0.43 3.32 293.52 8.78
2.0 329.3 136.2 0.41 3.40 291.58 7.96
3.0 328.7 123.9 0.38 3.50 295.14 6.44
4.0 326.3 117.9 0.36 3.59 295.06 5.74
5.0 323.7 114.8 0.35 3.64 293.65 5.42

aThe values offy, AHg, andAC, were derived from the stability curves using eq\, was determined usingS; = AHy/Tg. Tsis the temperature
of maximum free energy conformational stability, obtained froyr= To/{ expAH/AC,Tg)}. AGs was calculated by the substitution Bfwith T
in eq 4. Experimental errors from the least-squares fit are as folla@42 kcal mot! K~ for AC,, £8.9 kcal mot? for AHg, +0.49 kcal mot?
K~ for AS, £0.5 K and+2 K for Ty and Ts, respectively, and:0.62 kcal motf? for AGs.
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Ficure 8: GdnCl-induced denaturation curves at nine different tempetatures ranging from 283 to{283 O), 288 (), 293 (), 298

(a), 303 (v), 308 @), 313 @), 318 (®), and 323 (gray circles)monitored by fluorescence at 359 nm. The solid line for each profile is

the best fit according to eq 4. (Inset) Representative isothermal melts at (A) 283 and (B) 323 K, with the dashed line highlighting the
baseline selected for the fits.

Table 4: Analysis of the Isothermal GdnCl Denaturation Curves at incompletely understood. One of the ways to understand

Different Temperaturés differential oligomeric levels for these proteins is to char-
temp C. X m acterize thel'r foIdlng behavior and conformatlor)al st_abll]tles_.
(K) (M GdnCl) (kcal mol-3) (kcal moF1M-Y) The three-dimensional structure reveals that dimerization in
283 2.90 12.78 61 ASAI occurs b_y a strand exchange process Wh_ereln three
288 5.84 13.03 —2923 strands of the first sheet of one subunit interact with a strand
293 5.84 13.13 —2.25 that crosses over from the adjacent subunit. Such a crossover,
298 5.60 12.90 —2.30 observed in only a few proteins so far, has a major
ggg g:% ig:gé :g:gi consequence for stabilizing the dimer, as it enables extensive
313 241 9.65 —4.00 interactions between the two subunits (Figure 1). The central
318 1.99 7.74 —3.89 region of the g-prism Il fold of ASAI constitutes the
323 1.50 5.75 —3.83 hydrophobic core stacked with conserved nonpolar residues,
aExperimental errors are0.1 M for Cp, +1.3 kcal mot? for viz., seven leucines, three tryptophans, two phenylalanines,

AG+,0), and+0.41 kcal mot* M~ for m. two valines, and one methionine. The three tryptophans,

Trp4l, Trp74, and a Trp103 from the dimer-related subunit,
extremes of temperature, especially at higher temperaturesa consequence of strand exchange, are unique as they do
The value ofm, though marginally lower than that for a not stack but are arranged at an angle of°1t8each other
protein of this size, appears to be independent of temperatureith their side chains oriented into thfebarrel core {3).
over the range studied (Figure 9C). Principle Obserations from This StudyDenaturation

profiles of ASAIl recorded at several temperatures with and
DISCUSSION without GdnCl unravel its unfolding in terms of the dis-

Structural Characteristics of ASAThe Amaryllidaceae  sociation of the dimer into its constituent monomeric
and Alliaceae families of lectins including ASAI exhibit subunits. The principle observations from these studies are
similar tertiary structural fold and exist as oligomeric proteins the following: (1) The unfolding of ASAI is a simple two-
(mostly dimers or tetramers). The structural basis of the state process, namely,A> 2U. (2) No hysteresis for the
differences in their states of oligomerization is at present unfolding/refolding reaction is observed. (3) TAE, of its
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Ficure 9: (A) Unfolding free energy as a function of temperature. The open cir€igsie AGw,0) values deduced from the isothermal
GdnCl melts at various temperatures ranging from 283 to 328®&values of ASAI as a function of temperature at pH 7.5 were estimated
from eq 4 using a value dffy = 339.4 K.AG for the curve indicated by the solid line is the best fit obtained according to eq 4 using a value
of 3.41 kcal mott! K- for AC, and 174.1 kcal mof for AHg. The closed circles®) depict theAG values obtained from the thermal
unfolding in the absence of GdnCl monitored by far-UV CD. @) and (C)m as a function of temperature in the range 2823 K.

unfolding is mostly independent over a wide range of besides being close to thigax of tryptophan as a free amino
temperature. (4) Detailed analyses of the stability curves is acid, shows a substantial 70% increase in fluorescence
consistent with the LEM for the thermodynamic stability of intensity. This quenching effect, among the tryptophans, is
ASAI. (5) Importantly, the unfolded monomers induced by removed upon complete unfolding of ASAI, leading to the
either heat or chemical denaturation are effectively equiva- dramatic increase in fluorescence. The quenched tryptophan
lent, indicating that the unfolded states generated by themfluorescence in the native protein can be accounted for by
are devoid of appreciable residual structure. (6) It provides the presence either of a (i) water molecule in the hydrophobic
insight into the hydrophobic core of the native protein. core of the3-barrel or of a (ii) charged amino acid side chain
Complete reversibility of the unfolding process of ASAlI and within striking distance or by (iii) self-quenching among the
observation of good correlation between the thermodynamic tryptophans. Examination of the three-dimensional structure
parameters obtained independently from calorimetric, spec-failed to reveal any trapped water molecule(s) in the
troscopic, and isothermal melts substantiate the assumptiorhydrophobic core. The atomic coordinates of the ASAI
of the two-state unfolding model. Moreover, the availability structure revealed the presence of a histidine at distances of
of its three-dimensional structure fulfills all criteria for ASAI 8.5 and 7.1 A (between NE1 of Trp and ND1 of His) from
to serve as an excellent model to investigate the thermody-Trp74 and Trp103, respectively. These two observations from
namics and mechanism of protein folding in multimeric the crystal structure thus leave us to suggest that quenching
proteins. This merits even more attention as the oligomeric of the intrinsic tryptophan fluorescence is caused partly, about
proteins often do not exhibit reversible denaturation. Ad- 40%, by the charged His77. In addition, self-quenching, due
ditionally, to our knowledge, this is the first report of such to the geometry of the tryptophans, within van der Waals
studies on a strand-exchange-stabilizedsatheet protein. distance in the center of the barrel, appears to account
Quenching of the Three Trp’s in theBarrel Core.The significantly (60%) for the increased fluorescence upon
Amax Of the unfolded protein is significantly red-shifted at unfolding.
344 nm with respect to that of the folded protein at 328 nm  ASAIl Unfolding Conforms to the Norms of LENhe
(Figure 5). Moreover, thelmax Of the unfolded protein,  chaotrope-induced equilibrium unfolding of ASAI, followed
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by fluorescence far- and near-UV CD, shows no evidence folding (AASA) (35, 3742). The total ASA in the crystal
for the existence of stable intermediates, substantiating thestructure of garlic lectin determined using the program
assumption of a two-state transition (Figure 6A,B). A NACCESS was 10 117.1%Awherein the polar and nonpolar
combination of GdnCl and thermal denaturation experiments contributions are respectively 4898.2 and 52182(43).

on ASAI was carried out to test whether the LEM or the Upon dimerization, the loss of apolar ASA (the difference
denaturant binding model of protein unfolding is applicable between the apolar ASA in the unfolded and folded state) is
for this all3-sheet protein§1—33). While the LEM predicts 16 205.8 & and polar ASA is 9317.8 A The ASA in the

a linear decline in the conformational stability of the protein folded state was calculated using a probe radius of 2.4 A
with increasing denaturant concentration, the binding model and a slice width of 0.25 A while the unfolded state was
assumes a logarithmic dependence. The values documentethodeled as the sum of extended Ala-X-Ala tripeptides, where
in Table 3 were used to estimate the dependence of theX is any amino acid44, 45. Burial of almost 77% of the
thermodynamic parameters on GdnCl concentration usingapolar ASA suggests that the hydrophobic interactions drive
eqgs 4. Their linearity as a function of increasing GdnCl the dimerization of the proteidC, can be parametrized as
concentration conform to the norms of LEM (Figure#D  a function of changes in the polar and nonpolar solvent-
F). The change in the value oAC, with increasing accessible area:

concentration of GdnCl (Figure 7C) is similar to the trend

seen for barstar 1, pea lectin 8), and uracit-DNA AC, = AC, ;AASA,, + AC, [, AASA (20)
glycosylase inhibitor 30) and unlike the Hpr Z), which

shows a linear decreaseAC,, while 8-lactoglobulin shows ~ Using eq 20, theAC, of unfolding for garlic lectin is

no regular trend with increasing concentration of the denatur- calculated to be 3.51 kcal madlK™, which is in excellent
ant (34). The coincidence of the two data sets from thermal agreement with the experimentally determined values (3.2
and isothermal GdnCl melts validates the baseline selectedt 0.28 kcal mot* K~%).# Analysis of unfolding curves,

to fit the denaturation profiles (Figures 7A, 8, and 9A; Tables Obtained by physical means, using eq 4, assufi@sto be

3 and 4). The parameters obtained from the stability curve independent of temperature, thus underestimatk(@,

provide a means to analyze the effect of [GdnCI] &H, accounted for by the negative enthalpy of interaction between

AG, and AS at any given temperature as detailed under GdnCl and the protein surface area exposed to solvent upon

Results. unfolding. These data thus suggest attainment of a completely
Another parameter obtained from the CD melts, tim unfolded state for ASAI, in contrast to majority of proteins

value, reveals a value slightly lower than expected for a where some residual structure still persists in the denatured
protein of similar size at room temperaturgs). This can ~ State ¢6—48). S

be due to formation of a compact denatured state or change Remarkably, the dimerization in ASAI occurs by a strand
in the population of equilibrium folding intermediat8e), exchange process also referred to as domain swapping, which
both of which are incidentally ruled out by the consistency appears to be a mode of oligomerization in proteins such as
between the\C, values derived from the structural data and diphtheria toxin, RNase A, BS RnageB2-crystallin, IFN-

the denaturation experiments (discussed below) and by theY, IL-5, and p13sucl, to name a fe#d). Such “entangling

perfect superimposition of the melts using distinct spectro- alliances”, observed in a few proteins so far, is implicated
scopic probes, respectively. in stabilizing the dimer by primary as well as secondary

Absence of Cold DenaturatioThese parameters also interdomain interfacial contacts between the two subunits
reveal the absence of cold denaturation for ASAI in the (49)- Disruption of such an interaction between subunits may
accessible temperature range. Though ASAI satisfies one of?€ Sufficient to destabilize the folded dimeric structure
the criteria for cold denaturation, as the temperature of its Yi€lding the unfolded monomers as observed experimentally
maximum stability is well above 273 K, itAG,, at 13.13 N these studies.
kcal mol?, is m(_)derate for a pr_otein of 25 kDa. It fails to CONCLUSIONS
conform to the important criterion of a low value for the
ratio of AH/AC,. For ASAI, AH at 293 K (temperature of In this paper, the folding and stability of ASAI when
its maximum stability) is 13.36 kcal mol, which is quite investigated as a function of pH, temperature, and GdnCl
high, while theAC,, obtained by a variety of methods, is by intrinsic fluorescence, far-Uv CD, and DSC provide an
~3.0 kcal mot? K1 (5, 37, 3§. ConsequentlyAH/AC, is estimate of the heat capacity (3.2 kcal mdk~1). ThisAC,
very high, explaining the absence of cold denaturation in of ASAI is consistent with those determined from a calcula-
ASAI in the observable temperature range. These studiestion of the surface area buried upon dimerization employing
allow us to validate further the correlation between the the parameters derived from the crystal structure and
occurrence of cold denaturation in the accessible temperaturecompares well with that of the Arc repressor dimer (1.6 kcal
range and the low values of the ratio of the measurable mol K1), composed of two 53 residue polypeptide chains,
thermodynamic parameters, i.AH/AC,. exactly half the size of ASAI4). In addition, we show the

Calculation of AC, from the Accessible Surface Area. thermal unfolding of ASAI to be a two-state process in which
Analysis of thermodynamic data for a large repertoire of the folded dimer unfolds cooperatively by a concerted
monomeric proteins shows correlation among thed, AH, mechanism into unfolded monomers. Under all conditions
AS, protein size, and accessible surface area buried uponstudied, neither the partially folded dimers nor the folded

monomers/partially folded species thereof could be detected.

3 Factors other than the accessible surface area might contribute to
the ‘m’ value, thus making it difficult to correlate then' value with 4 For averaging, the\C, obtained from the single DSC scan was
the molecular size50). not considered as it is prone to large errors.
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In addition, the fluorescence and CD data, too, revealed the 18. Van Damme, E. J. M., Smeets, K., Torrekens, S., Van Leuven,
presence of only two significantly populated states. Since

states other than the folded dimers or the unfolded monomers
cannot be detected, one is led to conclude that the energy of

stabilization of the dimer derives primarily from the coopera-
tive interactions along the monomemonomer contact
interface of the ASAI dimer. Once these interactions are
eliminated, the individual chains do not retain any ap-
preciable secondary or tertiary structure. The hydrophobic
effect appears to be the major force for the stability of the
ASAI dimer. Furthermore, the unfolded monomers of ASAI
are devoid of any residual structure, explaining an excellent
correlation between the theoretically calculated accessibility
surface area buried upon dimerization an€, values.

Moreover, these data also shed light on the fluorescence of
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