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Abstract

We have made a comparative structure based analysis of the thermodynamics of lectin-carbdw@rdieding and

protein folding. Examination of the total change in accessible surface area in those processes revealed a much larger
decrease in free energy per unit of area buried in the case of L-C associations. According to our analysis, this larger
stabilization of L-C interactions arises from a more favorable enthalpy of burying a unit of polar surface area, and from
higher proportions of polar areas. Hydrogen bonds present at 14 L-C interfaces were identified, and their overall
characteristics were compared to those reported before for hydrogen bonds in protein structures. Three major factors
might explain why polar—polar interactions are stronger in L-C binding than in protein fol@ndrigher surface

density of hydrogen bond$2) better hydrogen-bonding geometf) larger proportion of hydrogen bonds involving
charged groups. Theoretically, the binding entropy can be partitioned into three main contributions: entropy changes due
to surface desolvation, entropy losses arising from freezing rotatable bonds, and entropic effects that result from
restricting translation and overall rotation motions. These contributions were estimated from structural information and
added up to give calculated binding entropies. Good correlation between experimental and calculated values was
observed when solvation effects were treated according to a parametrization developed by other authors from protein
folding studies. Finally, our structural parametrization gave calculated free energies that deviate from experimental
values by 1.1 kcgimol on the average; this amounts to an uncertainty of one order of magnitude in the binding constant.

Keywords: enthalpy; entropy; hydrogen bonding; lectin-carbohydrate association; protein folding

Because of their outstanding ability to encode information stereospecificity between lectins and carbohydraiBi, 1995; Weis &
chemically, carbohydrates have evolved to serve as labels of ceBrickamer, 1998 As expected, hydrogen bonding has been found
lular identity. Lectins are proteins specialized in deciphering theto be a major determinant of discrimination. Structural compari-
information carried in carbohydrate molecules by offering com-sons of homologous series of L-C complexes suggest that stereo-
plementary surfaces where ligands can fit specifically and tightlyselectivity is provided by hydrogen bonding to distinctive polar
A wide variety of processes related to cell recognition and cellgroups of the carbohydrate. Experimentally, it has been shown that
communication take advantage of this recognition system. Fertilthe suppression or derivatization of any of these key polar groups
ization, connective tissue regulation, neuronal development, imleads to a complete inhibition of bindind.effler & Barondes,
mune response, and pathogen infection are just some processE386; Schwarz et al., 1998nhibition is also obtained by mutating
that have a critical dependence on lectin-carbohydilat€) asso-  residues of the combining site that form hydrogen bonds with the
ciations(Sharon & Lis, 1989 ligand (Hirabayashi & Kasai, 1991; lobst et al., 199t contrast,

To date, the three-dimension@D) structures of several tens of the specificity of a lectin can be changed to a different carbohy-
L-C complexes have been solved. This robust body of structuratirate configuration by a rational rearrangement of the hydrogen
information has led to an improved understanding of the basis obonding pattern, as shown recently by lobst and Drickaih@94
in a site-directed mutagenic study. That study also showed, how-
ever, that steric hindrance and stacking of aromatic side chains

Reprint requests to: Enrique Garcia-Hernandez, Instituto de Quimicaagainst sugar rings are factors not to be neglected to obtain bio-
Universidad Nacional Autbnoma de México, Circuito Exterior, Ciudad logical levels of discrimination and affinity.
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unam.mx. Andrés Hernandez-Arana, Departamento de Quimica, Univer- Stereochemical Complementary IS an esser.ltlal,-but not a suffi-
sidad Auténoma Metropolitana Iztapalapa, A.P. 55-534, México D.F., MéxicoCient, factor to explain why two molecules bind tightly to each

09340; e-mail: aha@xanum.uam.mx. other. In the case of L-C complexes, even though the molecular
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that this kind of interaction is the main source of stability. How- ws QWD Ao ® 5%
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lectins and carbohydrates is an endothermic process, with an ab- © || £ £ @9 0 2 $ :r’ 2 22 g ; %
solute magnitude several times higher than the overall binding %” = s ‘-* - - ;g
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that the parametrization required to account for binding enthalpies g || & § g g % Bee= 58
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further insights into the magnitude of the driving forces of L-C 2 o §f
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Table 1 presents changes in free enef8%,), enthalpy(AHy), N c 8 g 2 g“;

and entropyAS)) for the formation of 10 L-C complexes of known 8 % %‘ S - %g %

3D structure. This table also includes changes in p@#SA,) S S<<«<3 o 2 |788%

and apolakAASA,) accessible surface area for the corresponding 2 g sgcg Tg s |%eg-= ‘2

association reactions, which were calculated as outlined in Mate- S % % % B S © |e8dg

rials and methods. The last columns give values of the thermo- <! clcc2555 28 E¢c s %2 =

dynamic functions normalized by the total accessible surface area 2 = % %’ o § %’ § £ é €85 ¢ OZ/=>
(AASA). To compare the energetics of L-C binding with that for  — S IT2T0000dTHEH @
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Table 2. Energetic (25C) and surface accessibility changes in protein folding and birtling

PDB —AG —AH -TAS —AASA,  —AASA AG ° AH ° TAS ®
Protein code (kcal/mol) (kcal/mol) (kcal/mol) (A?) (A?) AASA AASA AASA
Cytochromec 5cyt 12.9 22.0 9.1 6,540 3,960 1.2 2.1 0.9
Carbonic anhidrase B 2cab 16.7 49.0 32.3 18,500 9,970 0.6 1.8 1.2
Chymotrypsin 4cha 15.9 100.0 84.1 16,450 8,150 0.6 4.1 35
a-Lactalbumin lalc 20.7 33.0 12.3 8,260 4,260 1.7 2.6 0.9
Lysozyme llym 16.5 56.0 39.5 8,560 4,910 1.2 4.2 3.0
Myoglobin 4mbn 12.0 10.0 -2.0 10,700 5,790 0.7 0.6 -0.1
Staphylococcusuclease 1snc 4.0 8.0 4.0 9,070 5,210 0.3 0.6 0.3
Papain 9pap 27.9 36.5 8.6 15,160 8,390 1.2 1.5 0.3
Parvalbumin 5cpv 18.7 47.5 28.8 6,680 4,030 1.7 4.4 2.7
Pepsinogen 1psg 26.4 19.5 —-6.9 25,120 12,880 0.7 0.5 -0.2
Ribonuclease A Trsa 11.4 62.0 50.6 7,540 4,710 0.9 5.1 4.2
Trypsin 1tld 18.3 84.5 66.2 15,030 7,790 0.8 3.7 2.9
(Interleukin-8, 1il8 6.7 6.2 -05 910 640 43 4.0 -0.3
Antibody-angiotensin Il 10.9 7.7 —-3.2 993 745 6.3 4.4 —-1.8
S/lastase-inhibitor 14.5 0.6 —-13.9 1,130 660 81 0.3 -7.8
Average 1.0 2.7 1.6
Standard deviation 0.4 1.7 15

aEnergetic data were taken from Murphy and Fréir@92), except for the interleukin-8 dimer, and for the antibody-angiotensin Il and elastase-inhibitor
corpplexes, which were taken from Burrows et(@994, Murphy et al.(1993, and Baker & Murphy(1997), respectively.
cal(mol-A%) -1,
®Value not included in the average of the column.

protein folding, Table 2 shows thermodynamic data that characet al., 1995; Makhatadze & Privalov, 199%®n one hand, there is
terize the structural stability of 12 typical, globular proteins. Datathe formation of noncovalent bondsydrogen bonds and van der

in Table 2 pertain to the folding reaction at @5 they were  Waals interactionswhere regions of the polypeptide come in close
obtained by extrapolation of experimental data at®@as sum-  proximity, and, on the other, the energetic cost of desolvating these
marized by Murphy & Freire, 1992by means of the change in contact surfaces. Furthermore, some auttibreire, 1995; Bardi
heat capacity for the corresponding folding transitions. Also listedet al., 1997 consider that on a first approximation the enthalpy
in Table 2 are three well-documented cases of protein—proteichange for the folding of protein®r, by extension, for protein—
associations. A comparison of bottom rows of Tables 1 and Zrotein associationgan be parametrized in terms HASA,, and
reveals notable differences in the thermodynamic behavior of th& ASA,,:

phenomena being analyzed: a unit of buried area leads, on the

average, to a much larger stabilization in the case of L-C adducts AH = Ahpq AASA,, + Ah,, AASA, D

than in either protein folding or protein—protein association. This

large decrease in free energy originates from a very favorablhere the temperature-dependent parametégs; and Ahy, rep-
binding enthalpy for protein—carbohydrate complexes, whichresent the enthalpy changésormalized per unit argafor the
overbalances the adverse entropy diminution during the proces¥ansfer of polar and apolar surfaces from the aqueous solvent to
It must be recognized, however, that currently available thermothe protein interior. Both sides of Equation 1 can be divided by any
dynamic data for L-C interactions are still scarce and biasef the two AASAvariables(say, AASA,) to obtain a graphical
toward plant(specifically legumglectins. Thus, a definitive gen- representation in two dimensions. Such a plot for the folding data
eralization of the results presented here requires a larger body @t 25°C in Table 2 is shown in Figure (bpen circles The same
experimental binding data representing other lectin families. Simiype of plot for L-C associationéTable 1 is shown in Figure 1
ilarly, the number of protein intersubunit associations that havesolid circles. It is evident that the two data sets notably segregate
been characterized calorimetrically is so small, that the inclusiorffom each other due to a larger slope and high@6A,/AASA,

of this type of process in the comparative analysis performed heratios in the case of lectin—sugar complexes. Another marked dif-
must be viewed very cautiously. In the following sections we ference between the two systems is the variation rangé\&#/
analyze separately enthalpic and entropic contributions to L-C comAASAy. Due to the extremely narrow span in the case of protein
plex formation. The analysis was not extended to consider hedglding, AH can be indeed parametrized usingSA instead of
capacity changes due to the reduced number of experimental dafe?SAo and AASAy; in contrast, the wide span covered by L-C
available at present. complexes precludes such a reduction to a single independent
variable.

Least-squares linear regressions based on Equation 1 gave val-
ues of the parametersh,, andAh,, for each of the two data sets
being discussed. The solved form of Equation 1 for L-C binding is
It is generally accepted that the major contribution to the enthalpy
of protein folding comes from two opposite factofsazaridis AHc = 46.1(+6.3 AASA,, — 5.8(£6.3) AASA,. (2

Enthalpies of lectin-carbohydrate association
and protein folding
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the enthalpy of binding. In contrast, less marked differences be-
tween coefficients 0oAASA,, andAASA,, are observed in the case

60
of protein—protein interactions:

AHprot = 19.4(£9.4) AASA,, — 7.0(£5.5 AASA,. (3)

N
o

A point that deserves special comment is the large magnitude of
Ahp for L-C binding (46.1 calmol-A2) ~1), which differs with a
high degree of significance from the corresponding parameter that
characterizes intra- and intermolecular protein contdd&4
cal(mol-A2)~1). From the concepts mentioned at the beginning of
this section, two main factof®r a combination of thejrmight be
invoked to explain this observation: the average enthalpic cost of
1 1 L 1 desolvating carbohydrate molecules and polar surfaces at the bind-
00 03 06 09 12 1.5 ing site of lectins is smaller than for the bulk of polar groups in
AASApol / AASAap proteins; or polar groups at L-C interfaces interact more strongly

) ) o than they do when a polypeptide chain is folded. Regarding the
Fig. 1. Enthalpy changes for lectin-carbohydrate bindiisglid circles ] .
and protein foldingopen circlesas functions of changes in polarASA.) solvation properties of carbohydrates, results from Monte Carlo

and apolaAASA,,) accessible surface areas. The ratibSAq/AASA,  Simulations suggest that the polyamphiphilic nature of these
is used as independent variable to obtain a two-dimensional representaompounds might lead to special hydration properties of their
gon (le- Equation % Daéatfokr) |ectin-car|bohyc;re|1|te binginr? from Tﬁ?li_l- molecular surfacegLemieux, 1996. However, no experimental
omplexes are reterred 1o numerals as 1ollows: 1, nevein-cnitoblose; H H H H H
5 he?/ein-chitotriose; 3, 1gi<¥; 4. 1lte: 5, 5cna; 6. lied: 7, 1sIt: 8, 1rin: nformation is available to s_upport this proposal_. Conversely, it has
9, wheat germ agglutinin-chitobiose; 10, 1cvn. Data for protein folding been shown that the magnitudes of heat capacity changes observed
from Table 2. Included in this latter case are the three protein complexe# the formation of a reduced number of L-C complexes can be
listed in Table 2. satisfactorily estimated from ASA-dependent parameters devel-
oped for protein folding reactior(&arcia-Hernandez et al., 1997
Moreover, in the analysis of binding entropiesee below, we

found that the approach proposed by D’Aquino et(aB96 to

As Figure 2 shows, the parametrization developed in Equation sccount for the contribution of solvation to the entropy of protein

adequately reproduces the experimental binding enthalpies. Fé?"{””g I reasqnablywellfor L__C associqtions also. This m.ight
this system, the magnitude ahy, results more than seven times indicate that, as a first approximation, solvation effects are unique,

larger thanAh,,. An analysis of significance of the two indepen- depending only on the_ typg O_f surface b_uried, and irrespective of
dent variables shows a substantially higher score ot ttatistic whether the process is binding or folding. Therefore, the next

for AASA,q; furthermore, more than 80% of the variation in en- section of this work focuses on the study of hydrogen bonds,
thalpy values can be explained fromASA variation. These because this type of noncovalent interactions is, by far, the most
o .

results reveal the important contribution of buried polar areas rdmportant between p_olqr groups in both protein folding and protein—
carbohydrate association.

AH/AASAap (cal(mol+A2))
N
o

o

Hydrogen bonding in lectin-carbohydrate complexes

0 — An analysis of hydrogen bonds at L-C complexes was performed
’ with the aim of comparing their overall geometric characteristics
, with those observed by Stickle et @992 in the study of the
4| cores of 42 globular proteins. Only structures with a resolution of
2.3 A or better were considered to keep our study comparable to
that of Stickle et al(1992. Five L-C complexes of the data set
used in the thermodynamic analysis satisfying such a stringent
requirement were analyzed by means of the program HBPLUS
g (McDonald & Thornton, 199%to identify hydrogen bondésee
° Materials and methodsTo gain significance in the statistical com-
12 o - parison, we included in the analysis other nine L-C complexes
e whose structures have been solved with high resolution. Consis-
' tently, the geometric properties obtained from the extended data
6k set of 14 complexes closely resemble those for the five complexes
e L L L above mentioned. By using the same geometrical criteria em-
-16 -12 -8 4 0 ployed by Stickle et al(1992, we identified a total of 110 hy-
AHexp (kcal/mol) drogen bonds in the 14 protein—sugar interfaces. Considering the

Fig. 2. Calculated binding-enthalpiés ) for lectin-carbohydrate com- AASA,, estimated for the set of L-C interfaces, the average den-

plexes plotted vs. the corresponding experimental valtiék,y). Calcu- sity of hydrogen bonds is 3.46+0.52/100 A of polar area
lated enthalpies were obtained from Equation 2. buried. In proteins, this density amounts to 3(.57)/100 A2,

AHcalc (kcal/mol)
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enthalpy(energy difference of 0.7 kcalmol in the formation of a
hydrogen bondAAE,,). Of course, it would be interesting to
determine whether this more favorable interaction energy in L-C
complexes can be explained, on theoretical grounds, by geometric
and electronegativity factors. To do this would require, for exam-
ple, a detailed evaluation of L-C interaction energies by means of
the common force fields employed in molecular mechanics simu-
lations. Studies of this type have recently been done for globular
proteins(Creighton, 1993; Lazaridis et al., 199%lere, we have
only made a rough estimation of the difference between the ener-
gies of formation of a typical hydrogen bond in proteins and in L-C
complexes. Largely, the most abundant hydrogen bonds in proteins
(68% of the totgl are those arising from the interaction of peptide
>C=0 and>N—H groups(Stickle et al., 1992 The Coulombic

100 -

60 -

Cumulative frequency (%)

20

0 24 26 28 30 32 34 36 33 energy of this type qf hydrogen bond was calculated assigning to
each atom the partial charge used in the CVFF force field as
implemented in the Discover prografByosim/Molecular Simu-

Fig. 3. Cumulative frequency distributions of donor-acceptor atomic dis-lations, San Diego, Californjathe value of the dielectric constant
tances in hydrogen bonds. Dotted line: hydrogen bonds identified in 14vas 2.5, which is the mean of the range typically used to model
lectin-carbohydrate complexes. Solid line: hydrogen bonds in 42 prmei”’brotein interiors(Hendsch & Tidor, 1994; Lazaridis et al., 1995

Donor-Acceptor distance (A)

(Stickle et al., 199P The AA-A-D angle was set as 12@acceptor, hydrogen, and donor

atoms were assumed to be collinear, and the standartiNond

length(1.00 A) was used to position the hydrogen atom. Under the

above considerations, the interaction energy betweerndr-H
as determined from the data of Stickle et(@992 and theAASA  and a>C=0 group is—1.07 kcafmol at an A-D distance of
values calculated by us. According to a test based onhgtatistic,  3.04 A and—1.19 kcafmol at an A-D distance of 2.94 A. Thus,
the difference in hydrogen bond density is significant at a levelshortening the A-D distance by 0.10 A would increase the strength
lower than 1.0%i.e., the probability that both average densities of the >N—H-..O=C< interaction by 0.12 kcdmol, certainly
actually come from the same population is less than 1.0% a small value compared to the expected increase in strength for

Distances between don¢b) and acceptofA) atoms forming  hydrogen bonding in L-C complexé8AEy, = 0.7 kca)/mol).
hydrogen bonds at lectin—sugar interfaces were found distributed Nevertheless, an analysis of hydrogen bonding by class revealed
in the range 2.5-3.5 A, with a mean value of 2@40.25 A. that in L-C complexes none of the hydrogen bond types constitutes
Figure 3 compares the cumulative frequency distribution of D-Athe majority; the three major classes identifiedaié—H- - -O—H,
distances for complexgslotted ling and globular proteingsolid O—H---(COO)~, and O—H---O=C<, which comprise 40,
line); it can be seen that the curve for proteins is clearly displace®2, and 14% of the total number of bonds, respectively. It was
toward longer distances. Indeed, in this latter case the mean D-Abserved that D-A distances are significantly shorter when the
distance is 3.04+0.24 A (Stickle et al., 1992 which is 0.10 A acceptor is a carboxylate oxygén.82 + 0.24 A) than in those
longer than the corresponding value for L-C interactions. Givencases which involve uncharged bond-partr(@®60 + 0.24 A for
the large number of hydrogen bonds analyzed, this difference of-N—H-.-O—H; 3.06 + 0.22 A for O—H..-O=C<). Similar
the two average D-A distances is highly significansk level < observations have been made in the study of hydrogen bonding in
0.05%). A comparison was also made of angular val(esboth ~ small organic molecules, suggesting that charged groups form shorter
acceptor and donor atoirisetween the two sets of hydrogen bonds and stronger hydrogen bon@Eaylor et al., 1983; Creighton, 1993
(Fig. 4). In the case of the donor antecedent-donor-accepbr Interestingly, in proteins only 7% of hydrogen bonds involve charged
D-A) angle, only minor differences were found, regardless of thegroups(Stickle et al., 1992 Energies of interaction for each of
hybridization type of the donor atorfFig. 4A,B). In contrast, the three major types of hydrogen bonds in L-C complexes were
values of the acceptor antecedent-acceptor-dol@&frA-D ) angle  estimated following considerations similar to those outlined above
in complexes are narrowly distributed around 11Z@ sp® ac-  for the peptide hydrogen bond. Mean D-A distances were used
ceptors, and 120%2for sp? acceptors(Fig. 4C,D); these mean in those calculations. Not surprisingly, the-H. - -(COO) ™ in-
values are close to the ideal valug®99.5 and 120 for sp® and teraction is the strongest, with a total energy-e4.62 kcaymol.
sp? acceptors, respectivelyln protein interiors, the distributions The other two types have energigs-0.73 kcaf/mol for
are much wider and centered farther from ideal values. >N—H-...C—H; —1.25 kca)mol for O—H-...-0O=C<) com-
Overall, results from the comparative analysis of hydrogen bondgarable to that for the-N—H-...O=C< interaction. After ac-

reveal two major causes that can be responsible for the larger valwmunting for the relative abundance, the weighted average energy
of Ahpe in L-C complexes: higher density of hydrogen bonds perwould be —1.95 kcafmol, which exceeds by 0.9 kgahol the
buried surface area and better hydrogen bonding geometry. A thirdnergy estimated for a typicatN—H- - -O=C< interaction in
effect that must be considered is the electronegativity of acceptgproteins. This energy difference is of the same order of magnitude
and donor atoms, because it is commonly accepted that an impoas the expected value AAE,, (0.7 kcay/mol). It must be stressed,
tant contribution to hydrogen bond strength arises from electrohowever, that the above calculations were only aimed at showing
static interactiongCreighton, 1993; Lazaridis et al., 199%Vhen in a semiquantitative way that electronegativity and geometric fac-
the particular hydrogen-bond densities for complexes and proteingrs may well explain why hydrogen bonds in L-C complexes are,
are taken into account, the differencetih,,, values reduces to an on the average, stronger than in proteins.
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Fig. 4. Cumulative frequency distributions of scalar angles employed to identify hydrogen bonds. The angles considered are DD-D-A
(donor antecedent-donor-acceptangle at(A) sp® donor atoms andB) sp? donor atoms. AA-A-D(acceptor antecedent-acceptor-
donop angle at(C) sp® acceptor atoms and) sp? acceptor atoms. In all cases, dotted lines represent hydrogen bonds identified in
14 lectin-carbohydrate complexes, and solid lines represent hydrogen bonds in 42 g8iiekhs et al., 1992 Angle values in degrees.

Binding entropies relevant because in the present study the approximation of rigid
bodies has been undertaken when calculatidgAvalues. The

Whenever it has been possible to make a structural comparisogood fit observed between enthalpy akBAchanges in L-C bind-

between the free and bound states of a lectin, the binding site hasg (see aboveprovides an evidence of the suitability of the ap-

been found to undergo virtually no conformational changes uporproximation. However, as stated below, to consider the different

association to carbohydrate. This has led to the widely acceptesources of entropic changes, this approximation has to be supple-

picture of “preformed” lectin binding siteéWeis & Drickamer, = mented by taking into account the freezing of the carbohydrate and

1996. In contrast, the flexibility that carbohydrates present inlectin functional groups with free rotatable bonds involved in bind-

solution keeps controversial. However, the conundrum is confinedng. Indeed, it has been observed frequently that carbohydrate-

to establish the extent of torsional oscillations around glycosidichinding reduces the mobility of groups with high temperature factors

linkages, since sugar rings exhibit the stable chair conformatioriocated in the binding site.

both free and bound to a lectiHomans & Rutherford, 1993; In view of the above considerations, the entropy change asso-

Pérez et al., 1994; Siebert et al., 1998hese uncertainties not- ciated to the binding processes discussed here can be expressed as

withstanding, the facts that in general the conformations of ligandshe sum of four contributions:

in L-C complexes are close to the predicted global minimum-

energy configuration, and that oligosaccharides have been found to _

present generally similar geometrical arrangements when forming A8 = AS0 T ASp + ASor + ASor- “

different complexegimberty, 1997, support the idea that lectins

recognize preferentially the most stable, and presumably the mo&the first two terms in Equation 4 refer to entropy changes due to

populated, conformation of the ligand. These considerations ardesolvation of polar and apolar surfaces that are buried upon bind-



Structural bases of lectin-carbohydrate affinities 1081

ing. AS; originates from single bond rotations, which are frozen cal(mol-K-A?) 1, respectively. Results obtained by means of the
in the complex but permitted in the free ligand and in the protein.above relationships are shown under the headingsqn,p i
Finally, AS.., is the entropic contribution resulting from restric- Table 3.
tions in translation and overall rotation motions of the molecules The entropic cost of freezing rotations around single bonds is a
forming the complex. While entropic effects due to desolvationsubject that has been addressed by a number of authors. For ex-
and hindering of rotatable bonds can be thought to be analogous mple, Finkelstein and Janif1989 consider thatASy ~ —2
those occurring in protein folding, the ters8., in Equation 4 is  cal(mol-K)~* per rotatable bond, which approximately corre-
particular tobinding phenomenaThus, a direct comparison of sponds to a reduction from three conforme@mtamersto a single
binding entropies with folding entropies is clearly not possible.conformer when a bond rotation is frozen. In a sound analysis of
Nevertheless, it is instructive to compare experimental bindinghis topic, Doig and Sternber1995 recollected and discussed
entropies with those calculated by evaluation of each of the termsesults from many workers. These authors have calculated a mean
appearing in Equation 4. For this purpose, we employed two difvalue for the entropy change that results from restricting the num-
ferent approaches currently used in protein folding studies to esber of rotamers for each type of amino acid side chain. On the
timate the entropy of desolvation. average, the entropy loss per rotatable bond is 1.53nciiK) ~1.
Based on experimental data for the transfer of a large number ofo calculate theAS.; term in Equation 4, we determined which
organic compounds to water, Privalov and Makhata(z@93 side chains in the protein were restricted from rotational move-
have estimated thermodynamic parameters for the hydration ahents upon complex formation; this was accomplished by inspec-
several chemical groups. Assuming that solvation effects are adion of the molecular structures of the complex and the protein
ditive, these authors calculate the contribution of hydration toalone. Side chains, originally exposed to solvent, which become
changes in thermodynamic functions upon unfolding of proteinsburied upon binding, and in close contact with the ligand, were
In this work, we supplemented the data set of Privalov and Ma-assumed to be restricted to a single confortoaranalogy with the
khatadze by including hydration entropies for cyclic alkane carborprotein folding case where side chains buried in the protein core
and cyclic ether groups, which are necessary to describe the sodwe generally restricted to a single conformati@oig & Stern-
vation of carbohydrates. These two group parameters were derivdterg, 1995; D’Aquino et al., 1998 Knowing which side chains
from entropies of transfer from the gas phase to water for relevanbecome immobilized, we calculated the entropy loss by using the
organic compound&Cabani et al., 1981 following the same con-  corresponding values in the entropy scale reported by Doig and
siderations made by Privalov and Makhatadze. Results obtaine8ternberg(1995. The number of rotatable bonds frozen in the
were—0.27 and—0.18 ca(mol-K -A2) ~1 for cyclic alkane carbon  carbohydrate part of a complex was similarly determined from
and cyclic ether surfaces, respectively. With the complete set ofmolecular structures; their entropic contribution was then calcu-
hydration entropiesnormalized by the accessible surface area oflated considering the average value reported by Doig and Stern-
groups involvedland theA ASAvalues for the association reaction, berg(1.53 calmol-K) ~* per rotatable bond The total for each of
we calculated the desolvation term in Equatioftdlumn heading the L-C complexes is shown in thHEAS,; column of Table 3.
TAS;on,gain Table 3. The other way in which desolvation entro-  Regarding the last term in Equation 4, it should be recalled that
pies were calculated was using the parametrizations developed liie entropy associated with the overall molecular movements of

Freire and coworker§D’Aquino et al., 1996: translation and rotation in gas phase can be calculated from sta-
tistical thermodynamics principle&-inkelstein & Janin, 1989;
AS,, = 0.45AASA,In(T/385.19 (5) Holtzer, 1995, and references cited theyeilhereas some authors
consider that these calculations also apply to ideal solutigimkel-
AS,, = —0.26AASA,, In(T/335.15 (6) stein & Janin, 1989; Janin, 199%thers have made corrections to

account for the greater order existing in liquids in comparison to
whereT is the absolute temperature. At 25, the solvation en- gas phaséSearle & Williams, 1992; Searle et al., 199%Vhat is
tropies per unit of apolar and polar area ar@.115 and 0.030 clear is that part of the translation-rotation degrees of freedom lost

Table 3. Dissection of the entropic change accompanying the formation of lectin-carbohydrate corfiplexes

Comp|eX TA &olv,ga TASsolv,p TA &olv, Ic TA Sot TA S-or TA S—or, Ic TA S:alc,ga TA &alc,p TA S:alq Ic TA So exp

H-ch, 23.3 9.2 6.9 —4.2 —6.7 —2.6 12.4 -17 —-0.1 —-1.5
H-chg 28.4 9.8 7.0 -7.8 -7.2 —2.6 13.4 -5.2 —-3.4 —-1.4
5cna 175 4.4 2.8 -3.0 —6.0 —2.6 8.5 —4.6 —2.8 -1.5
1gic 16.1 5.6 4.0 —25 -6.0 —2.6 7.6 -2.9 -1.1 -0.7
lcvn 33.7 5.4 2.8 —6.8 —7.2 —2.6 19.7 —8.6 —6.6 —6.6
lled 34.0 7.6 4.6 -7.8 —-7.4 —2.6 18.7 7.7 -5.8 —5.4
1rin 16.1 35 2.0 -18 -6.0 —-2.6 8.3 —-4.3 -2.4 -13
lite 22.1 6.2 4.2 -51 -6.7 —2.6 10.3 —5.6 -35 —5.3
1slt 34.0 7.6 3.1 -3.5 -6.7 —-2.6 14.7 -4.9 -3.0 —-3.8

aAll data correspond to a temperature of°25 H-ch, and H-ch stand for the complexes of hevein with chitobiose and chitotriose,
respectively. All other complexes are referred to by their PDB code names shown in Table 1. See text for an explanation of the
abbreviations used for differeMAS terms. All values in kcalmol.
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in an association reaction reappears as residual movements in theColumns 8 and 9 of Table 3 show the entropic contributions to
bimolecular complex; therefore, only about 50% of the translation-binding calculated either with hydration entropies of chemical groups
rotation entropy loss actually contributes to the entropy of binding(TAS.acga) Or through the parametrization developed by Freire
(Finkelstein & Janin, 1989; Searle & Williams, 199Finkelstein  and coworkers(TAScp). For comparison, the experimental
and Janin1989 have estimated this net entropy loss as approxi-TAS, ¢, Values are listed in last column of the same table. It is
mately 50 calmol-K)~1, a value that should be, in principle, immediately evident that use of the group additivity approach to
independent of molecular mass. However, by using a combinatiotreat desolvation effects leads to a gross overestimation of entropy
of calculation and experimental data for the gas to crystal transfechangeg TAS.ac ga €XCEEUSTAS, exp by 15.7 kcalmol on the av-
of diglycine, Brady and Sharf1997) obtain a lower entropy loss erage. Moreover, in this case calculated and experimental entro-
of 14.1 calmol-K) 1. From the results presented by Searle et al.pies are completely uncorrelatdih fact, there is a negative
(see Fig. 1 in Searle et al., 1992 is straightforward to estimate correlation between these values, as can be seen in Figlfie
the entropy change that occurs when a ligand of a given molecularalue of TAS o, estimated by Finkelstein and Janit989 were
mass binds to a larger receptor with complete loss of translationalsed in the calculation, the discrepancy betw@ai& g and
and rotational movements. This entropy change is slightly depenTAS, x,Would be reduced, yet experimental values would still be
dent on the molecular mass, and for molecules the size of monmverestimated by 7.5 kcahol on the average, and the lack of
to tetrasaccharides amounts to 40-50(ral-K) 1. Assuming  correlation would persist. In contrast, binding entropies calculated
that 50% of this entropy reappears in the complex as residudby using Equations 5 and 6 are much closer to and fairly well
movements, the net entropy loss would be 20—2&weal-K) 2. It correlated with experimental valu¢Big. 5B, solid symbolg the
is also worth mentioning the recent statistical mechanical analysiglistribution of TAS;;p — TAS, exp Values has a mean of2.1
of this problem done by Amz€ll997) in terms of the cell theory  kcal/mol (standard deviation: 1.21 k¢ahol). Replacing thdAS o
of liquids. The approach used by Amzel seems to overcome majaierm by the “cratic” entropy—3.0 kcay/mol) has little effect on
criticisms made to previous methods that estimate the loss of tranghe correlation between calculated and experimental binding en-
lational entropy upon binding. The resulting formula for this en- tropies; on the average, calculated values in this case are higher
tropy change includes as a major term the so-called “cratic entropythan the experimental ones By2.0 kca)/mol (standard deviation:
(—RIn 55) plus a term representing the “communal” entropy, giv- 1.78 kcaymol).
ing a total change of approximatetyl0 cal(mol-K) ~%. Amzel's Two major conclusions can be derived from the results pre-
results thus lend theoretical support to the use of the cratic entropgented above. First, desolvation entropies occurring in L-C asso-
in dissecting experimental values, as has been done by some aciation are better estimated by means of the parametrization shown
thors (Murphy et al., 1994 in Equations 5 and 6, whereas calculations based on the approach
In view of the data presented above, it seems reasonable tof Privalov and Makhatadz€ 993 largely overestimate these ef-
expect that for L-C binding the terS_,, would lie between-10 fects. It must be mentioned that in protein folding and protein—
to —25 calmol-K)* (i.e., —3.0 to — 7.4 kcaymol at 298 K). In protein association, the validity of group additivity for polar
a first stage of our calculations, we used valueI®§., derived  hydration has been seriously questiori¢dzaridis et al., 1995;
from the work of Searle et a{1992, which are shown in Table 3. D’Aquino et al., 1996. It has been noted, for example, that treat-
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Fig. 5. Calculated TAS:ac) vS. experimentalTAS; exp) binding entropies for lectin-carbohydrate complexes. Individual contributions
to the binding entropysee Equation 4 and the section bimding entropiesfor a detailed discussion of each contribujiomere
estimated and added up to obtain the calculated binding entfopintropic effects due to desolvation were taken into account
according to a group additivity approa¢Rrivalov & Makhatadze, 1993B: Solid circles show results obtained when the entropy
desolvation was estimated from a parametrization developed by D’Aquino @989 (cf. Equations 5 and)6 open symbols show
results derived from a lectin-carbohydraté hocparametrization that accounts for the desolvation entropy and a particular “cratic”
entropy term.
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ment of solvent-entropy effects by means of the parametrization
derived by Freire and coworkers leads to an indirect estimation of I mm AGexp =31 AGcalc
the conformational entropy in protein folding that agrees well with -10F
values obtained from other direct approachiesig & Sternberg,
1995; D'Aquino et al., 1996 on the contrary, use of the group
additivity method yields a serious overestimation of conforma-
tional entropy changes. Furthermore, Cabani et(H#81) have
pointed out that considerable deviations from additivity can be
observedevenin small organic molecules containing more than
one polar group. Second, since the same parametrization seems to
properly account for solvent-related entropy changes in protein-
folding and in L-C binding, it may be thought that, on a first
approximation, the overall thermodynamics of solvation is similar

in these two types of events. In this respect, it is interesting to ask
whether a set of solvation parameters particular to the L-C case can 0 o
give better estimates of experimental binding entropies. To explore @
this possibility, we made a regression analysis @S, exp— ASot)

for the lectin complexes in Table 3 as a linear function of the L-C complex

independent VariableBAS'%OI and“AAS.Aip, plus a ConSta-nt term Fig. 6. Comparison of calculated and experimental binding free energies
thgt would represent an ad .hoc crat|F: entrojey. Equation 4. of lectin-carbohydrate complexes. Calculated values were obtained as de-
This analysis yielded entropies per unit of apdla0.095+ 0.029  s¢riped in text. Al data correspond to a temperature of5H-chy and
cal(mol-K-A2)~1) and polar(0.041+ 0.025 caimol-K-A2)~1) H-chg stand for the complexes of hevein with chitobiose and chitotriose,
area that differ slightly from the values obtained from Equations 5respectively. All other complexes are referred to by their PDB code names
and 6. Solvation entropies calculated with these parameters af&oWn in Table 1.

presented in Table 3 in the column headed&S,q,c. The ad hoc

“cratic” entropy (TAS.or,c in Table 3 would be equal to—2.6

kcal/mol at 25°C. It should be emphasized that this last value is

much closer to the estimation derived from Amzel's wodnzel, kcal/mol, which amounts to an uncertainty in the association con-
1997 than to estimations obtained from other approaches. Bindingtant of one order of magnitude. Encouraging as they are, these
entropies calculated with ad hoc parameters are shown in Figresults suggest, however, that inclusion of other structural factors
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ure 5B(open symbolsand in Table 3 under the headifig Sz ic- not considered in this work might lead to an improvement of
In this case the estimation of binding entropies is unbigsed predicted L-C affinities.

values of T(ASacic — AS,) average out to 0.0 kcamol); other- Finally, the binding of GIcCNAc to hevein represents an interest-
wise, the accuracy of estimation improves only slighiliandard  ing test case, because of the following reasdfg:the binding
deviation of T(AS;aicic — AS exp) €quals 1.31 kcdmol). constant, as determined by NMR®Rsensio et al., 1995 is only

30 £ 15 (in molar unitg at 30°C, which places this association
process at the lower limit of protein—carbohydrate recognition;
(2) no calorimetric evidence of binding is found in titrations of
One of the ultimate goals of structure-based thermodynamic analyRevein with GIcNAc(Garcia-Hernandez et al., 199and(3) the

sis of biomolecular associations is to predict binding affinities structure of this complex is unknown, but it can be inferred from
from structural considerations. Hence, it is important to determinghe structure of chitobios€GIcNAC),, bound to hevein. In fact, it
the accuracy with which L-C binding free energies can be estiis reasonable to assume that the binding locus for GIcNAc is one
mated from the parametrizations described above. For this pumf the sites occupied by either the reducing or nonreducing mono-
pose, calculated binding-enthalpies and -entrogpibscussed in  saccharide moieties in hevein-bound chitobiédsensio et al.,
preceding sectionsvere used to obtain calculated free energies 0f1995. Both possibilities were tested; results from their structural
association. Figure 6 compares the experimental and calculateghalysis, together with estimations for the thermodynamic param-
(AGca0) free energies for the L-C complexesG ., — AGy values  eters of binding(at 25°C) are shown in Table 4. Though both
have a mean of 0.0 kcahol, and a standard deviation of 1.10 calculated association constants are comparable to the experimen-

Binding free energies

Table 4. Energetic estimation of monosaccharide binding to heVvein

AASAq AASA, AH TAS AG
Chitobiose-end (A?) (A?) (kcal/mol) (kcal/mol) (kcal/mol) Ka
Nonreducing —-128.3 —210.2 —-4.7 -21 —-2.6 80
Reducing —88.2 —-157.5 -3.1 -1.7 -1.4 11

aStructure-based energetic calculations of GIcNAc binding to hevein. Two putative binding loci for GIcNAc can be derived from
the hevein-chitobiose structure. Entropic and enthalpic change values for each locus were calculated from the parametrizations
developed for lectin-carbohydrate binding, and used to estimate the free energy dhgisgbe equilibrium constant of association.
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tal value, the larger constant at the putative site corresponding tphosphate dehydrogenagkgdl), glutathione peroxidasélgpd,
the nonreducing end of chitobiose suggests this could be the prglutathione reductas@grs, hemerythrin(1lhmg), amylase inhib-
mary binding site for the monosaccharide. Furthermore, makingtor (1hoé, insulin (1ing), hemoglobin v(2hlb), lysozyme(1lz1),
use of the estimated molar enthalpy change for the reactiotysozyme (3lzm), myoglobin (Imbg, ovomucoid third domain
(Table 4, the heat evolved in a typical calorimetric titration can (2ovo), papain9pap, apo-plastocyanitRpcy), pepsin4pep, avian
easily be calculated. Under conditions employed by Garciapancreatic polypeptidélppd, trypsin inhibitor (5pti), rubredoxin
Hernandez et al1997 (7 uL of 0.25 M ligand added to 1.4 mL  (1rdg), Ig Bence—Jones proteif2rhe), Lys 25-ribonuclease T1
of 0.1 mM hevein solution the expected liberation of heat (3rnt), ribonuclease A7rsa, scorpion neurotoxirilsn3, Staph-
(~20 wcal) would be completely counterbalanced by the heatylococcusnuclease(1sng, thermolysin(3tin), B-trypsin (1tpp),
effect due to ligand dilution. ubiquitin (Lubg), and Trp repressdRwrp).

Polar area chang€a ASA,,) were obtained from the change in

accessible area of nitrogen and oxygen atoms, while the apolar

Materials and methods area chang@ ASA,,) was computed from contributions of carbon
and sulfur atoms. Thes&ASA calculations were used to solve

The structural-thermodynamic database Equation 1 and to estimate desolvation entropies according to Equa-

of lectin-carbohydrate complexes tions 5 and 6. To estimate the entropic changes associated to de-

o . . solvation of contact zones according to the approach of Privalov
Only L-C complexes satisfying the following requirements were 4 \akhatadz¢1993, a finer dissection of accessible areas of

included in the analysis(1) known structural information at the | ¢ complexes was computed by explicitly taking into account the
atomic level; and2) calorimetrically-measured binding data. Non- following protein chemical groups: aliphatic groups, aromatic

calorimetric data were excluded from the analysis since, as ShOWBrOUpS, peptide bonds, and the polar part of the side chain of each
recently for different binding systems, van't Hoff enthalpies tend

e ! - : amino acid. For the carbohydratasASAof linear alkane carbons,
to be significantly higher than those values obtained directly bycyclic alkane carbons, cyclic ether, and hydroxyl groups were
isothermal titration calorimetryNaghibi et al., 1995 Table 1 5. ated.

shows 10 L-C complexes satisfying the above mentioned criteria.

In this data set, lectin complexes belonging to three different struc-

tural families appeafWeis & Drickamer, 1998 one galectin com-  Analysis of hydrogen bonding in
plex, three chitin-binding lectin complexes, and six legume lectinlectin—carbohydrate interfaces

complexes. Homologies in the folding pattern notwithstanding, itA geometrical analysis of interfacial hydrogen bonds was per-
is to be noted that lectins of Table 1 show dramatic differences iy o on 14 L-C complexes pertaining to six different lectin

ligand spe_cifi_city, §ubsite multivalendye., number of sugar units families, as follows. Legume family: peanut lectin binding lactose
that the binding site can accommodate simultanegualyd sub- (2pel, Banerjee et 311996, concanavalin A bindinge-methyl-

upit muIFiquency(i.e.,.n.umber of lectin monomers that conform a mannopyranosidéscna, Naismith et al., 1994concanavalin A
single binding sitg (Rini, 1995. binding Man(a1—6)[Man(e1—3)]Man (1cvn, Naismith & Field,
1996, Lathyrus ochrudectin bindinga-methyl-mannopyranoside
(1lob, Bourne et al., 1990Griffonia simplicifolialectin IV bind-

ing Fudal—2)Gal(81—3)[Fuc(ael—4)] GIcNAc (1led, Del-
Structure-based calculations of water-accessible surface&8fas baere et al., 1993 C-type family: mannose-binding protein-C
were performed with NACCES&Hubbard & Thornton, 1993a  bindinga-methyl-fucopyranosidélrdi, Ng et al., 1995 mannose-
version of the Lee and Richard$971) algorithm. A probe radius binding protein-C bindingx-methyl-mannopyranosidélrdl, Ng

of 1.4 A, a slice width of 0.1 A, and the van der Waals radii et al., 1996, mannose-binding protein-A binding Méwnl—3)
estimated by Chothiél976 were used. The changesASAupon [Man(al—6)]Man(3«1a)Man(2«<1a) Man (2msb, Weis et al.,
binding (AASA were estimated from the difference between the1992. Galectin family: S-lectin binding N-acetyllactosamifisslt,
complex and the sum of free molecules. Estimations A8Adue Liao et al., 1994 Bacterial family: enterotoxin binding galactose
to protein folding were obtained as the difference between théllta, Merritt et al., 1994h cholera toxin binding G&B1—3)
native and unfolded states. The X-ray solved structure of the proGalNAc(B1—4)[NeuAca2—3)] Gal(B1—4)Glc (1chb, Merritt

tein was used as the native conformation. The unfolded state waat al., 1994a Chitin-binding family: hevein binding chitobiose
built as a completely extended chain with all dihedral anglas, (Asensio et al., 1995-Prism fold family: snowdrop lectin bind-
and y equal to 180, except they; angle, which was set at 80  ing a-methyl-mannopyranosiddmsa, Hester et al., 198%now-
otherwise, a 180value for this angle causes the tail of long side drop lectin binding Maal—3)[Man(al—6)]Man(al—6)
chains to be brought near the backbone atoms, introducing a spian(a1—3) Man (1jpc, Wright & Hester, 1996 The analysis was
rious screening effect. In addition to those proteins listed inbased in criteria similar to those used by Stickle efE992 in the
Table 2, foldingA ASAestimations for the set of 42 proteins ana- study of the interior of 42 globular proteingl) Only high-
lyzed by Stickle et al(1992 were carried out; name and Protein resolution structure$=2.3 A, R = 20% were included in the
Data Bank codé€Bernstein et al., 1977f each of these molecules analysis(2) Suitable hydrogen bonds were identified and analyzed
are: cytochrome C5513510, actinidin (2acy, penicillopepsin  on the basis of the geometric arrangement around acceptor-donor
(2app, azurin (2aza, phospholipasdé1bp2, carbonic anhidrase pairs.(3) The sum of expanded radii was used as the maximum
(2ca2, cytochromec3 (2cdv), @ chymotrypsin A(5cha, carboxy-  allowed distance between the electronegative heavy atoms; in the
peptidase Ax (5cpa, crambin(lcrn), citrate synthas€2cts, cy- study of Stickle et al(1992, an expanded radius corresponds
tochromec (5cyt), dihydrofolate reductasé4dfr), hemoglobin  to 1.1 times the van der Waals radius of the corresponding atom.
(Lecd, flavodixin (4fxn), y-1I crystallin (1gcn, glyceraldehyde-3-  (4) Values for angles asp? andsp® donor atomgi.e., the donor

Estimations of accessibility changes
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antecedent-donor-acceptor angieere accepted in the range of Structure solution of a cubic crystal of concanavalin A complexed with

_ f methyl-w-p-glucopyranosideActa Crystallogr D 52143-145.
90-180. The same range was used as allowed region for the anglﬁendsch ZS, Tidor B. 1994. Do salt bridges stabilize proteins? A continuum

at sp? accep_tors(accep;o_r an_tecedent-acceptor—dc)nEor accep- electrostatic analysi®rotein Sci 3211-226.
tor atoms withsp® hybridization, a range of 60 to 180vas used.  Hester G, Kaku H, Goldstein 13, Wright CS. 1995. Structure of mannose-specific
Identification of potential hydrogen bonds was carried out with ~ snowdrop(Galanthus nivalig lectin is representative of a new plant lectin

. . . family. Nature Struct Biol 2472—479.
a slightly modified version of the HBPLUS softwafbicDonald Hirabayashi J, Kasai K. 1991. Effect of amino acid substitution by site-directed

& Thornton, 1994. mutagenesis on the carbohydrate recognition and stability of human 14-kDa
B-galactoside-binding lectinl Biol Chem 26623648—-23653.
Holtzer A. 1995. The “cratic correction” and related fallaci®opolymers
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