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Abstract: We report here, the first solution state evidence for the role of water molecules in the specific
interaction of carbohydrates with a legume lectin, concanavalin A. Concanavalin Alfamawalia ensiformis

is a protein containing 237 amino acid residues with each monomer possessing one sugar binding site as well
as sites for transition-metal ions, Knand C&". The lectin binds specifically ta-anomers of monosaccharides,
D-glucopyranoside and-mannopyranoside, and recognizes the trimannosidic cokelioked glycoproteins,
3,6-di-O-(a-D-mannopyranosylyx-b-mannopyranoside with high specificity, which constitutes the minimum
carbohydrate epitope that completely fills the sugar binding site. Sensitive isothermal titration microcalorimetry
coupled with osmotic stress strategy on concanavalin A was used to dissect out the differential involvement
of water molecules in the recognition of the branched trimannoside (33B{d-p-mannopyranosylj:-p-
mannopyranoside), the individual dimannosidic arm©(8x-p-mannopyranosyl-p-mannopyranoside and
6-O-(a-D-mannopyranosyli--bD-mannopyranoside) as well as the monomer umithannopyranoside. The
specific binding of concanavalin A to different sugars, is accompanied by differential uptake of water molecules
during the binding process. These results not only complement the X-ray crystallographic studies of legume
lectin—sugar complexes displaying structurally conserved water molecules mediating the specific ligation of
the sugars with the corresponding sites in the binding pocket but also provide a rationale for the observed
compensatory behavior of enthalpies with entropies in ledirgar interactions.

Introduction that the equatorial orientation of hydroxyl groups at C3 and C4
and the hydroxymethyl group at C5, as is the case with glucose
and mannose, are indispensable for the binding of Con A with
sugars and that these hydroxyl groups are involved in hydrogen-
bonding interactions with the protein. These rules for Con A

) o i . . monosaccharide specificity though proposed in late 1960s were
tins also provide interesting paradigms for the understanding elucidated at atomic resolution only in 1989 when the crystal

O.f p.rott.ain.—carb.o hydrate. recognition. Despite_ a hjgh degree of structure of Con A-methyl-a-D-mannopyranoside complex was
similarity in their recognition of monosaccharide ligands, plant determined’ These studies thus showed that C3. C4. and C6

lectins display exquisite specificities for binding to oligosac- hvdroxvl arouns of methvix-p-mannopvranoside bound in the
charides. Concanavalin A (Con A), first isolated as bisphenoid Cyl cha)i/r ?:onfgrmation a)r/e hydrogenpgonded to the residues in

crys’gals by.Sum.ne‘i',ha.s been.one of the most extensively the combining site of the protein while the hydroxyl group at
studied lectin. Pioneering studies of Goldstein and co-workers C2 is linked through a water molecule to the adjacent subunit
?ave_ STown thgt It binds to mono- and ollgosacchaggies with Elegant immunoprecipitation and NMR dispersion studies of
erminal non reducing-p-mannopyranosyk(-o-man) andx-o- Brewer and co-workers demonstrated that the most comple-
glucopyranosyld-b-glc) residues, and to certain internal glucose mentary ligand for Con A is methyl-3,6-&-(c-p-mannopy-

or mﬁ‘”'ﬁ‘é’se res;]dues, WTerteas other_ dsteremsolmzrs Oft theS?anosyl)eL-D-mannopyranoside and postulated that the lectin has
saccharides such asb-galactopyranosidesu(o-gal) do no an extended binding site for the trisaccharide wherein certain

inhibit its activities> These studies led Goldstein to propose groups from all of its constituent monosaccharide contribute to
* Author to whom correspondence should be addressed at the follow- the interactior?. Indeed the recent crystallographic studies of

The specificity and reversibility of carbohydrate recognition
by lectins has made them useful as probes for the identification
and characterization of carbohydrate structures during cell
growth, differentiation, malignancies, and metastdsésLec-

ing: email, surolia@mbu.iisc.ernet.in. Naismith and Fieltland Loris et al° have not only confirmed
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Lemieux and co-workers were the first to postulate the
importance of water in mediating proteisugar interactions:14
Thermodynamic studies on Con A as well as other lectins have
supported such a role of water in these reaction¥.

During recent years the thermodynamics of carbohydrate
interaction with Con A and other lectins has also been
extensively characterized. A striking feature observed consis-
tently in these studies is the compensatory changes in enthalpie
and entropies. The enthlapgntropy compensation has been
suggested to originate primarily from the reorganization of the
solvent water occurring during these reactiéhddowever, the
precise nature of the reorganization of solvent which could
involve either the uptake or the release of water molecules or
the restructuring of the existing molecules has eluded an
explanation. Studies reported here attempt to fill this lacuna
in lectin—sugar interactions. For this purpose, we have

employed the osmotic stress technique pioneered by Parsegian

and co-worker& to control the water activity during the specific
binding of mannose and manno-oligosaccharides to Con A.

The thermodynamics of the carbohydrat@on A binding
reaction were considered in terms of the site binding constant
(Kp), and changes in the free energ&Q°y), the binding
enthalpy AH®g), and the binding entropyXS’s). The binding
reaction between the Con A binding site and the carbohydrate
ligand (L) is

Con A+ L =Con AL (1)
in 0.05 M 3,3-dimethylglutaric acid sodium hydroxide (DMG)
buffer pH 5.2+ 0.01 containing 250 mM sodium chloride, 1
mM manganous chloride, and 1 mM calcium chloride, and under
various stressing conditions of neutral osmolytes glycerol and
ethylene glycol constituting an “osmotic stress” eff€ctThis
coupling of a sensitive isothermal titration microcalorimetric
method? (ITC) with osmotic stress strategy is, to our knowl-
edge, the first use of these two powerful techniques together,
enabling us to dissect out the differential involvement of water
molecules in the specific recognition of the branched triman-
noside 3,6-di©-(a-D-mannopyranosylyx-b-mannopyranoside
(mannotriose), the minimum carbohydrate epitope that com-
pletely fills the sugar binding site of Con A, the individual
dimannosidic arms ®-(a-p-mannopyranosylx-p-mannopy-
ranoside (maml-3man) and 83-(a-b-mannopyranosylj-p-
mannopyranoside (mari-6man), as well as the monomeric
unit, o-mannopyranosidec¢p-man) in the solution state.
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Figure 1. Calorimetric titration of mannotriose solution with Con A
solution. (a) Raw data obtained from 49 automatic injections of 6.7
uL aliquots of 5.21 mM mannotriose solution into 0.34 mM Con A
solution in 0.05 M DMG buffer, pH 5.2 containing 250 mM sodium
chloride, 1 mM manganous chloride, and 1 mM calcium chloride at
283.2 K. (b) Non-linear least-squares fit) of the incremental heat
per mole of added ligand) for the titration in (a) by injection number
to egs 3 and 4 in the text. The data points represent average values of
four independent measurements. The standard deviations were well
within the size of the data points.

Results

The results of a typical titration calorimetry measurement,
which consisted of adding 6.zL aliquots of 5.21 mM
mannotriose solution to 0.34 mM Con A solution in 0.05 M
DMG buffer, pH 5.2 containing 250 mM sodium chloride, 1
mM manganous chloride, and 1 mM calcium chloride at 283.2
K is shown in Figure 1a. The results exhibit a monotonic
decrease in the exothermic heat of binding with each successive
injection until saturation is achieved. A non-linear least-squares
fit of the ITC data to the identical site model described by eq
3, is also presented in Figure 1b. As shown by the solid curve
in Figure 1b, the incremental heats per mole of added ligand
follows closely the injection number. The results of a repre-
sentative calorimetric titration of mannotriose solution into Con
A solution in the presence of 1.66 Os (kg®)1 ethylene glycol
is shown in Figure 2. The close fit of the data to the identical
site model shows that the ligand binds to each of the two binding
sites of Con A independently, both in the absence as well as in
the presence of osmolytes. The thermodynamic parameters
AG®,, AH®,, andAS’, at 283.2 K determined from the titration
calorimetry measurements are presented in Table 1. The
uncertainties in Table 1 are standard deviations of the mean
values ofK,, AG°, AH°, and AS’, determined from four
independent measurements.

The dependence of the thermodynamic parameters for the
binding of mannose, and the three manno-oligosaccharides,
maro.l-6man, maal-3man, and mannotriose to Con A, on the
osmolal concentration of the neutral solutes used, viz ethylene
glycol are shown in Figure 3. For each solute, binding free
energies show a linear dependence on solute osmolal concentra-
tion, consistent with an exclusion of these solutes from the water
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Figure 2. Calorimetric titration of mannotriose solution with Con A
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Figure 3. Osmotic sensitivity of logarithm of binding constant as a

function of neutral solute osmolality for the binding of manndsg, (
marol-3man @), maroll-6man ), and mannotriose<t) to Con A

solution under osmotic stress. (a) Raw data obtained from 12 automaticunder ethylene glycol stress at 283.2 K. The straight lines were obtained

injections of 12.QuL aliquots of 1.50 mM mannotriose solution into
0.036 mM Con A solution in 0.05 M DMG buffer, pH 5.2 containing
250 mM sodium chloride, 1 mM manganous chloride, and 1 mM
calcium chloride and 1.66 Os (kg.8)"* ethylene glycol at 283.2 K.
(b) Non-linear least-squares fit} of the incremental heat per mole
of added ligand[{) for the titration in (a) by injection number to eqs

by linear regression analysis of the data using Origin program and have
slopes 0f—0.245 with a correlation coefficient t60.993 for mannose;
—0.127 with a correlation coefficient te-0.999 for maml-3man;
—0.127 with a correlation coefficient t6-0.999 for manl-6man;
—0.043 with a correlation coefficient t60.999 for mannotriose binding

to Con A. The data points represent average values of four independent

3 and 4 in the text. The data points represent average values of fourmeasurements. The standard deviations were well within the size of
independent measurements. The standard deviations were well withinthe data points.

the size of the data points.

surrounding the associating sugar and lectin surfaces. The

negative sign of the slope defines a net uptake of water
molecules by the Con Asugar complex during the process of
binding. The magnitude of the effect of osmotic stress depends
both on the solute osmolal concentration, which is equivalent
to the bulk water chemical potential, and on the difference in
the number of solute-excluding water molecules associated with
the Con A-sugar complex and the number associated with the
free Con A and sugar molecules.

This osmotic effect can be quantitated analogous to the
conventional analysis of the effect of salt activity on protein
binding?! The slope of logK, versus Ina,, wherea, is the
water activity, is 2.308n,. This value Any, gives the change
in number of solute-excluding water molecules coupled to the
binding process. Since lay, = —[solutebsmoia(55.56, where
[solutebsmolalis the solute osmolal concentration and 55.56 is
the number of moles of water in 1 kg, the slope of the lines
shown in Figure 3 is given by

dlog K/d [solute] ¢ o= —2-303ANn,/55.56  (2)
The uptake of water molecules thus associated with the

binding of man, man1-3man, maal-6man, and mannotriose

to Con A as a function of the osmotic stress is shown in Table
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Figure 4. Differential scanning calorimetric scans at 20 K lshowing

the apparent excess heat capacity for the thermal denaturation of Con
A at a protein (dimer) concentration of 0.225 mM in 0.05 M DMG
buffer, pH 5.2 containing 250 mM sodium chloride, 100 MM manga-
nous chloride, and 100 mM calcium chloride (a); and increasing osmolal
strengths of glycerol viz 6.25% (b); 12.5% (c); 25% (d); 37.5% (e);
and 50% (f). The DSC data was best fitted to a single peak two-state
transition (— O —), by the resolution of the progress baseline-subtracted
and concentration-normalized DSC curve)(for Con A using the
Origin program.

A typical DSC scan of Con A in the presence and absence

2. The data show that a variable number of water molecules of osmolytes is shown in Figure 4 along with the fit of the single
are taken up when different ligands interact with the lectin. transition peak data to the,A> 2B two-state transition model.
Control experiments in which aliquots of glycerol or ethylene The transition peak with the osmolytes did not reappear upon
glycol were injected into Con A or sugar solutions did not result a rescan of the sample, as is the case without them. Results of
in any measurable heats of binding ruling out the possibility of the fit of the transition peak data to the two-state transition model
specific interactions between the stressing solute and Con A orare presented in Table 3. Since the temperature increase is only
the sugars, affirming the neutrality of the chosen osmolytes. about 2-3 K in increasing the scan rate by more than a factor
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Table 1. Thermodynamic Quantities for Binding of Sugars to Con A at 283.2 K

osmolality 1073 —AG%, —AH?%, —AS
sugar osmolyte (Os (kg-HO)™) Kp (M) (kJ mot?) (kJ mot%) (I moiFt K1)
man 0 2.7540.08} 18.67 21.0440.19) 8
glycerol 0.35 2.3340.09) 18.25 20.4940.18) 8
0.73 1.94 £0.04) 17.83 20.43£0.21) 9
1.62 1.27 £0.03) 16.82 19.9540.25) 11
ethylene glycol 0.25 2.460.11) 18.37 20.99£0.21) 9
0.52 2.11 ¢0.09) 18.04 20.90£0.20) 10
0.78 1.68 £0.07) 17.49 20.78%0.23) 12
1.07 1.50 £0.04) 17.20 20.2940.14) 11
1.35 1.24 £0.03) 16.78 20.04£0.17) 12
1.66 1.14 £0.04) 16.57 19.8540.12) 12
marotl-3man 0 22.38+0.26) 23.58 34.9740.17) 40
glycerol 0.35 20.3240.15) 23.35 34.5240.22) 39
0.73 18.28 £0.37) 23.10 33.51£0.14) 37
1.62 13.8940.09) 22.46 32.9240.25) 37
ethylene glycol 0.25 20.85H0.19) 23.41 34.4340.12) 39
0.52 19.32 £0.13) 23.23 33.8740.13) 38
0.78 17.99 £0.24) 23.06 33.14£0.21) 36
1.07 16.45 £0.38) 22.85 32.08£0.15) 33
1.35 15.28 £0.31) 22.68 31.4240.19) 31
1.66 13.7140.16) 22.42 31.6840.11) 33
marol-6man 0 23.80X£0.24) 23.72 30.2240.17) 23
glycerol 0.35 21.4840.45) 23.48 29.54+0.39) 21
0.73 19.34 £0.58) 23.24 29.1140.31) 21
1.62 14.83 £0.57) 22.61 28.76%0.28) 22
ethylene glycol 0.25 22.44H0.38) 23.58 29.8440.13) 22
0.52 20.56 £0.26) 23.38 29.5740.37) 22
0.78 18.96 £0.29) 23.19 29.26%0.15) 21
1.07 17.51£0.13) 23.00 29.82£0.26) 24
1.35 16.25£0.14) 22.83 29.01£0.24) 22
1.66 14.72 £0.18) 22.59 28.84£0.14) 22
mannotriose 0 524.83H12.6) 31.01 59.4940.37) 101
glycerol 0.35 507.11£11.2) 30.93 59.3740.43) 100
0.73 488.47411.7) 30.84 59.3140.42) 101
1.62 447.25411.1) 30.63 59.24+0.46) 101
ethylene glycol 0.25 512.1710.2) 30.97 59.4540.34) 101
0.52 498.69410.1) 30.89 59.38%0.31) 101
0.78 485.934£10.4) 30.85 59.31£0.33) 101
1.07 472.34410.2) 30.75 59.3240.32) 101
1.35 459.46£11.3) 30.72 59.2940.34) 101
1.66 445.67411.6) 30.63 59.1940.34) 101

aThe uncertainties in parantheses represent standard deviations of the mean values determined from four independent measurements.

Table 2. Changes in the Number of Solute-Excluding Water Table 3. Effect of Glycerol on the Thermodynamic Quantities
Molecules An,) Coupled to the Binding of Sugars to Con A as a from DSC Measurements on the Thermal Transition of Con A at a
Function of Osmotic Stress Scan Rate of 20 Kt
sugar glycerol ethylene glycol glycerol T, Tm AH¢ AH, AH{J/
0, 1 1
man 4.99 £0.01F 5.90 (-0.29) *) K K) (kdmol™) (kJmol™) AH,
mam1-3man 3.0940.06) 3.06 £0.04) 363.8 363.04£0.03f 1193 &30) 799 ¢-26) 1.49
marn1l-6man 3.0640.03) 3.06 £0.05) 6.25 366.4 366.1£0.04) 1239418) 824 42) 1.50
mannotriose 1.03£0.01) 1.04 £0.01) 12.5 367.5 366.740.06) 12644468) 854 31) 1.48

— —. 25 369.1 368.5£0.03) 1302437) 875¢38) 1.49
2 The uncertainties in parantheses represent standard deviations of 37 g 371.2 370.740.02) 1335423) 887 (29) 1.51

the mean values determined from four independent measurements.  gq 372.8 372.440.03) 1364£39) 900 ¢22) 1.52

2 The uncertainties in parantheses represent standard deviations of

of 4 and AH, and AH; for the transitions are the same, the ! !
the mean values determined from four independent measurements.

equilibrium two-state transition model was applied to these
transitions as has been done earlier in the absence of o_sm"élytes, T Tpr AHc, andAH, increase with osmolytes, the cooperativity
instead of the irreversible model of Sanchez-R#iAs evident of the unfolding transition ViAH/AH, ~ 1, remains unaltered.
from Figure 4, an increase in osmolality of the solution results

in the increase of botf, andAH values. The thermodynamic  Discussion

data thus obtained both with and without the osmolytes are
shown in Table 3. The values of the van't Hoff enthalpies

obtained fr.om a glqt 0}2 In[P] vs T, wh?reh [F] iskthe Ieptin proteins through X-ray crystallography. Loris e2&have found
concentration andp Is the temperature of the peak maximum, ., despite protein hydration being mainly dependent on the

both .O.f ngCh are irlldepebndlentdof the m%del uszd hto ﬁ:] thehdetailed local surface characteristics of the protein, significant
transition data are also tabulated. It may be noted that though,,ion of the water positions appear to be conserved in all

Intense attempts are being made to determine the exact
number of functionally critical “structural” water molecules in

(23) Sanchez-Ruiz, J. M.; Lopez-Lacomba, J. L.; Cortijo, M.; Mateo, P. (24) Loris, R.; Stas, P. P. G.; Wyns, L..Biol. Chem1994 269, 26722~
L. Biochemistryl988 27, 1648-1652. 26733.
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independent crystal structures of proteins of a given family. They 70
found seven water sites completely conserved in all legume
lectin crystal structures including Con A, independent of their 60

degree of sequence homology or carbohydrate specificity.
It is noteworthy that although the overall conformational

[4)
o
1

similarity betweerp-mannopyranoside armtglucopyranoside 5

and the configuration of hydroxyl groups at their C3, C4, and E ol

C6 positions are identical, the origin of specific discrimination 2

among these saccharides by Con A is not readily evident, .Iﬁ 50, ®
<

notwithstanding the availability of X-ray crystallographic
structures of Con A complexed with methydmannopyranoside
as well as those complexed with derivativeejlucopyrano-
side®72527 More so as the hydroxyl group at C2 of
glucopyranoside is not known to interact with Con A; whereas, o o A -
the axially oriented hydroxyl group at the corresponding position TAS' -1
. A . . - -TAS ), kJ. mol
in D-mannopyranoside interacts with residues on the adjacent ) _
subunits in the crystals, such an interaction is unlikely to occur Figure 5. Enthalpy-entropy compensation plot 6fAH®, as a function
in solution. The positions of water molecules assigned in crystal gf 7;A_§t‘;1f°réhe b'”d'”g of mannos;é and TnannE)rcr:llgols?cchandes tct> .
structures refined to a high resolution either using X-ray COnAIntheabsence and presence of osmolytes. The plot was generate
diffracti hich Is th t i t using Origin program and shows a linear relationship with a slope of

! rac '_on' W '_C revea_s € water oxygen po_SI_ lons, or neu TON 1 45 with a correlation coefficient to 0.994. The data points represent
dlffrac.tlon, which unveils water hydrogen.posmor'ls are still the average values of four independent measurements. The standard
best views of structural water molecules in proteins. NMR, on geviations were well within the size of the data points.
the other hand, provides information about the positions of the

most slowly exchanging water molecules in the solution $ate.  energy for the interaction of two hydrated species, the lectin
However the observation of water-mediated hydrOgen-bonding Con A and the Corresponding sugar molecule Coming into
interactions between the conserved binding site amino acid contact, is the difference between the complex of Con A and
residues and the corresponding hydroxyl group in the bound the sugar and that between Con A and water as well as between
monosaccharide molecule in high-resolution crystal structures the sugar and water. The measurement of these changes in
underscore the importance of water in determining the binding numbers of associated water molecules for binding of mannose
specificity of these reactions. Since neither Con A nor its sugar and mannooligosaccharides to Con A is directly connected to
ligands undergo any appreciable alterations during their interac-the energetics of these hydration/dehydration reactions. The
tions? we have chosen to utilize osmotic stress to evaluate the jnteraction of the tested sugars to Con A is enthalpically driven
uptake or loss of waters involved in these reactions. and accompanied by water uptake (Table 2). The osmotic
Glycerol and ethylene glycol are solutes of different chemical release of water molecules from the binding site causes a
nature, yet their effect on Con saccharide interactions  concomitant decrease in the free energy of binding (Figure 3),
reported here is the same. Though the dielectric constant ofsyggesting that the water molecules are assisting substantially
the solution decreases slightly with polyols such as glycerol the binding of sugars with the lectin.
and decrease significantly with oligoethylene glycols, acommon  The thermodynamics of binding of mannose and mannooli-
osmotic mechanism of solute action emerges, clearly distin- g4saccharides to Con A shows compensatory chang&bifg
guishing it from an electrostatic one. Linear plots of logarithm  5n47AS, as shown in Figure 5. Enthalpgntropy compensa-
of binding constants versus neutral solute’s osmolality for the tjon has been associated with solvent reorganization ac-
binding of mannose, mari-3man, maal-6man, and manno-  companying proteirligand interactiond-20.34.35and also ap-

triose to Con A clearly indicate a linkage to a well defined and ears 1o be a general feature of weak intermolecular reaéfions.
constant difference in the number of water molecules involved A requction in soft vibrational modes leading to the restriction
in ligand binding (Figure 3). Since the slopes are nearly the of yyater molecules in the interface between the interacting lectin
same for two chemically different classes of neutral solutes, 5nq sugar molecules could account for these observations. An
the observed changes can indeed be rationalized in terms of &yficient displacement of water molecules from the interacting
true osmotic str_ess effect. Itis also known that, et_hylene glycol gy riaces of the lectin binding site as well as the sugar is the
at a concentration of 20% (v/v) appears to have little effect on gqrce of the favorable entropic contribution. This gain in
protein confqrmatlon and does not specifically interact with entropy from the removal of previously imposed motional
proteins® It is well-known that ethylene glycol and glycerol  regtrictions gets compensated by a loss of a certain amount of
are preferentially excluded from the tiny spaces and from the gnhalpic interactions such as water-mediated hydrogen bonds
envelope around the macromolecular surface and do notinteractng van der Waals interactions in the lectin binding site. If a

i i i i 33 . . .
with the proteins or alter their conformatiéfr.3® The free group of analogous species interact by the same mechanism,

(25) Harrop, S. J.; Helliwell, J. R; Wan, T. C. M.; Kalb (Gilboa), A.J; then a linear relationship between enthalpy and entropy can be
Tong, L.; Yariv, J.Acta Crystallogr., Sect. 1996 52, 143-155. ‘ expected, with the slope exactly equal to unity being a result
c (26)'\'26”6”0P0U{95'g- NS-? P?V'lf\)ﬂu’ *fr Pke”a‘;& Af\-? lea“?“'kB-? Vglng'aS' of complete compensation. Our results with and without

. E.; Mavrommaltis, C.; Sourtl, ., lucker, P. A.; Hamoarakas, .J. . . .
Struct. Biol.1996 116, 345-355. osmolytes also show a linear relationship betwéétf, and

(27) Hamodrakas, S. J.; Kanellopoulos, P. N.; Pavlou, K.; Tucker, P. A. TAS’y with a slope of 1.45 (correlation coefficient 0.99),
J. Struct. Biol.1997 118 23—30.
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(28) Levitt, M.; Park, B. H.Structure1993 1, 223-226. (33) Timasheff, S. NAnnu. Re. Biophys. Biomol. Strucl.993 22, 67—

(29) Donovan, J. WJ. Biol. Chem1969 244, 1961-1967. 97.

(30) Gekko, K.; Timasheff, S. NBiochemistry1981, 20, 4667-4676. (34) Lumry, R.; Rajender, Biopolymers197Q 9, 1125-1227.

(31) Lee, L. C.; Gekko, K.; Timasheff, S. Mlethods Enzymoll979 (35) Fukada, H.; Sturtevant, J. M.; Quiocho, F.JABiol. Chem1983
61, 26—49. 258 13193-13198.

(32) Timasheff, S. NBiochemistryl992 31, 9857-9864. (36) Dunitz, J. D.Chem. Biol.1995 2, 709-712.
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indicative of an underlying common mechanism in the mode
of specific recognition of the sugars by Con A, namely solvent
HO.o

reorganization (Figure 5). This is substantiated by the evidence HO

that the slope of the enthalpentropy compensation plot is HOM
greater than unity, suggesting that the free energy of binding is - o
more sensitive to changes in enthalpy both in the presence as HO.o

well as in the absence of osmolytes. We propose that this strong HO
isoequilibrium relationship of enthalpy with entropy during the o

s . : - HO OH
recognition of saccharides by Con A studied under osmotic HOW
stress be considered as diagnostic of a true osmotic effect. HO HO
. These results suggest that the dlsrgptlon O.f specific interac- Figure 6. A schematic representation of the extended combining site
tlons_ by water molecules at_ th_e Iec{-_IB_ugar Interface_ may  of con A complexed with mannotriose. The amino acid residues of
contribute to the decreased binding affinity upon osmotic stress. con A participating in sugar bindifjare enclosed in rectangular boxes
To rule out the possibility of a decrease in the stability of the and are denoted by three-letter abbreviation; superscripts refer to their
protein by the osmolytes, we have determined the thermal positions in the sequence of the protein. The thin lines represent the
stability of the lectin using differential scanning calorimetry, hydrogen bonds between the sugar and the protein. The stucturally
in which the thermal unfolding of Con A was monitored in the conserved bridging water molecule is also shown. The figure was
absence and presence of glycerol. That the decrease in binding/€nerated using ISIS/Draw version 1.2.
free energies upon osr_notic S'Fres_s is not due to destabilizing g g account, in part, for the non-linear thermodynamic
effect on Con A_|s succinctly hlghllghted by the DSC _thermof effect<0 observed in these reactions.
grams of Con A in the absence and in the presence of increasing
osmolal concentrations of osmolytes (Figure 4), which show Conclusion
increase in the peak transition temperattie From the
observation that the thermodynamic transition paramefgrs

In conclusion, this paper provides the first solution state
evidence for the role of water molecules in the specific

Tm, AHc, andAHy are increasing functions of concentrations recognition of mannose and mannooligosaccharides by Con A
of glycerol (Table 3), it can be inferred that the stability of Con 9 o 90s Y
and demonstrates the feasibility of coupling the osmotic stress

A is increased by the osmolytes. Hence, the decrease in the . . . : .
> ) S . strategy with a powerful and senstive microcalorimetric tech-
affinity of the lectin for its ligand in the presence of osmolytes

is not related to the decreased stability of the protein. The hique, thus enabling the measurement of the overall number of

stabilizing effect results from an additional enthalpy of interac- water molecules myolved in the Spec'.ﬂc blndlng process, the
o relevance of which in the structuréunction analytical context
tion in the presence of glycerol. These osmolytes apparently need not be overstated

stabilize Con A by preferential hydration effe€s*® and also '

by reducing the volume of the voids at the protein cBré? Experimental Section

Our results are cc_)n5|stent with the rece_n tly obotalned_ crystal Materials. All reagents were of analytical or ultrapure grade-p-
§tructur§ of mannotriose bpund to tetramer!c Cont Anlwh'Ch . man was purchased from Sigma Chemical Co., while aiaBman,
interactions of the reducing mannose with the binding site mamy1-6man, and mannotriose were obtained from Dextra Laboratories.
includes a strong hydrogen bond of 2.6 A between O2 and an pimethylglutaric acid, glycerol, and ethylene glycol were of ultrapure
invariant bridging water molecule bound by protein residues grade from Sigma. All other reagents were recrystallized or repurified
Asnl4, Aspl16, and Arg228 which is also present in both native before use. Deionized Milli-Q water was used for all the studies. Con
Con A and the Con Amethyl-a-p-mannopyranoside complex. A was prepared from jack bean seeds according to previously described
It appears from our solution state experiments that the net uptakeme;?é’giztion and Analysis of Solutions. Lyophilized powder of
ofa soltary water molecule i muolved n the process of bnding o, Gecaed 1 0.05 W DMG bufer t. it 5.5, conaining

. a . .~ 250 mM sodium chloride and 1 mM each of MaGind CaC by

Fhat thls_ water molecule,_at least in part, deter_mmes the SpECIflcweight, dialyzed overnight in a large volume of the same buffer, and
interactions of Con A with the monosaccharide mannose, the centrifuged to remove any insoluble lectin. Solutions of the carbohy-
two disaccharides mari-3man and mawl-6man that constitute  drates were prepared by weight in the dialysate to minimize differences
the two arms of mannotriose, and mannotriose. In mannotriose,between the protein buffer solution and ligand buffer solution in the
sugar hydroxyls ofi1—3-linked mannose and the reducing end ITC measurements. The concentration of Con A was determined
mannose substitute the water molecules necessary for thesPectrophotometrically at 280 nm usiAg*i°m= 12.4 at pH 5.2 and
binding of the monosaccharide and mannobioses. This inter- €XPressed in terms of dimeM¢ = 53 000)>** For osmotic stress

S . . studies, the lectin solution was dialyzed extensively against glycerol
Rretaglon Isb_alzp sup?orted byt (_:rystalcgpgrlaphlc Studleslon Cion and ethylene glycol solutions in the above buffer. Sugar solutions were
where binding of manno ”_OS? IS_p acgs several waler ., prepared with the dialysate. Care was taken that the neutral solute
molecules from the extended binding site (Figure 6). The C3, gsmojalities used were not significantly different from their ordinary

C4, and C6 hydroxyls of the1—3-linked arm and the C2 and  molal concentration® The solution osmolalities were measured on a
C4 hydroxyls of the reducing end mannose are the most likely Herman Roebling automatic Type Il micro-osmometer.

ones replacing these solvent molecules implicated in the binding ITC Measurements. The titration calorimetric measurements were
of mannose and mannobioses. The differential uptake of waterperformed with a Microcal Omega titration calorimeter as described
molecules associated with the binding of saccharides to Con A™ (40 Gupta, D.; Dam, T. K.; Oscarson, S.; Brewer, CJFBiol. Chem
1997, 272, 6388-6392.

(37) Goldanskii, V. I.; Krupyanskii, Y. FProtein—Sobent Interactions (41) Agrawal, B. B. L.; Goldstein, I. Biochim. Biophys. Actd967,
Gregory, R. B., Ed.: Marcel Dekker: New York, 1995; pp 2826. 147, 262-271.

(38) Oliveira, A. C.; Gaspar, L. P.; Da Poian, A. T.; Silva, JJLMol. (42) Yariv, J.; Kalb, A. J.; Levitzki, ABiochim. Biophys. Actd968
Biol 1994 240, 184-187. 167, 303-305.

(39) Priev, A.; Alamgor, A.; Yedgar, S.; Gavish, Biochemistry1996 (43) Weast, R. CCRC Handbook of Chemistry and Physi64st ed.;

35, 2061-2066. CRC Press Inc.: Boca Raton, FL, 1980; pp D2Z®276.
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previously?? Briefly, the titration calorimeter consists of 1.347 mL  where d/ is the volume of titrant added to the solution. A least-squares
cell containing the protein solution and a matched reference cell in an fit of AQ; to eq 4 obtained by each run of titration calorimetry gives
adiabatic enclosure. Aliquots of ligand solution at-¥® times the values for stoichiometryn), AH®,, andKp. Since Con A at pH 5.2
Con A concentration are added via a 280 rotating stirrer micro- exists as a homodimeric protein with one binding site per subunit, an
syringe operated with a plunger driven by a stepping motor under identical site model utilizing a concentration of the lectin dimer was
computer control. The heat absorbed or released accompanying thethe simplest binding model found to provide the best fit to the ITC
addition of aliquots of the ligand solution to the protein solution is data. Values forAS’, were obtained from the basic equation of
measured by a thermocouple sensor between the cells. Samples weréhermodynamics

carefully scrutinized for precipitate after the titration. No precipitate

was observed after the titration either in the presence or in the absence AG®, = AH%, — TAS, (5)
of the osmolytes. The quantity = Ky,[Con A]o, where [Con Aj§ is

the initial macromolecule, Con A, concentration amg is the where

association constant was in the range of 2 < 200 as required for

isothermal titration microcalorimetry studi€s.The total concentration AG°, = —RTInK, (8)

of the lectin, [Con A}, was from 0.036 to 2 mM, whereas the total

concentration of ligand, [lJwas from 1.5 to 80 mM. The titration of andn = number of molesT is the absolute temperature, aRd=
ligand solution in this concentration range with the buffer solution alone 8.315 J motl K-, ' '

gave negligible values for the heat of dilution both in the presence as
well as absence of osmolytes. Nonetheless, for every experiment the
heat of dilution of the ligand were measured and subtracted from the
runs conducted with the lectin. The time duration between the injections
was at least 3 min to allow the peak to return to baseline, and the made at a scan rate of 20 Kh To determine any dependence of the
number of additions of the sugar titrant were fixed such that the area parameters on scan rate, scans were also performed at 18 Krhe
below the peak is reduced by at least an order of magnitude or until joq4 1655t squares fit of the two-state transition modet>-AB where
protein binding sites are saturated5%. All measurements were made A is the folded state and B is the unfolded state, to the data was obtained
at 283.2 K, and the stl_rrer _speed was kept constant _at 395, PM.  withn=2 by the Origin program. Analyses of the normalized data

. .ITC Analyses. T_he “t.fa“O’? data were anquzed using a smg_lg-_sne utilizing a progress baseline connection of the pre- and post-transition
flttlng m_odel. The |dent|caI_S|te model was fitted to the dat:_al utilizing  aselines of the DSC thermogram yields van't Hoff enthalih),

a dimeric Con A concentration. The heat °°”tef?t ofa SO'”“"""@ transition temperatureTf, the temperature at half the peak area), and
peen shown to be relateo! to the togal concentrations of the protein and,[he transition peak area which, when divided by the number of moles
ligand through the following equatiéh of protein in the cell, yields the calorimetric enthalpgyH{c). The ratio

of AHJ/AH, yields the cooperativity of the transition.

DSC Measurements and Analysis. DSC measurements were
performed with a Microcal MC-2 DSC heat conduction scanning
microcalorimeter which consists of two fixed 1.187 mL cells, a
reference cell, and a solution cell. The measurements were usually

Q, = n[Con AJ,AH° V{1 + [L] /n[Con A], + 1/nK,[Con A], —

[(@ + [L],/n[Con A], + 1/nK,[Con A])? — 4[L]/n[Con A]]"% /2 Acknowledgment. This work has been supported by a grant
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wheren is the stoichiometryKy is an intrinsic binding constanH°,, Varadarajan for discussions and a critical reading of the

is an intrinsic heat of binding, [Con AF the total Con A concentration, manuscript.
andV is the cell volume. The expression for the heat releasedtiper
injection, AQ;, is thert* JA9733696

(44) Yang, C. POmega Data in OriginMicrocal Inc.: Northampton,
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