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Abstract: We report the thermodynamics of binding of p-galactose and deoxy derivatives thereof to the
arabinose binding protein (ABP). The “intrinsic” (solute—solute) free energy of binding AG° at 308 K for
the 1-, 2-, 3-, and 6-hydroxyl groups of galactose is remarkably constant (~—30 kJ/mol), despite the fact
that each hydroxyl group subtends different numbers of hydrogen bonds in the complex. The substantially
unfavorable enthalpy of binding (~30 kJ/mol) of 1-deoxygalactose, 2-deoxygalactose, and 3-deoxygalactose
in comparison with galactose, cannot be readily accounted for by differences in solvation, suggesting that
solute—solute hydrogen bonds are enthalpically significantly more favorable than solute—solvent hydrogen
bonds. In contrast, the substantially higher affinity for 2-deoxygalactose in comparison with either
1-deoxygalactose or 3-deoxygalactose derives from differences in the solvation free energies of the free
ligands.

Approximately 1% of the human genome codes for proteins  Here, we utilize isothermal titration calorimetry (ITC)
involved in glycan synthesis and processing, and much intensivecombined with high-resolution NMR to study the thermody-
research worldwide is aimed at discovering how glycans namics of glycar-protein interactions, to determine the com-
modulate physiological processes and the pathogenesis ofponent enthalpic and entropic contributions to the binding
disease. Such studies are revealing that glycosyltransferases angrocess. The thermodynamics of liganafotein recognition is
glycosidases are involved in fundamental processes such asnormously complex and involves degrees of freedom in the
cell—cell communication and signal transduction from cell- jigand, protein, complex, and solvent. Hence, to approach the
surface receptors. However, despite these advances, our knowlyohlem in a tractable manner, we have selected a model system,
edge of the molecular basis of carbohydrate-mediated recog-pamely the interaction of the arabinose binding protein (ABP)

nition remains severely limited. Indeed, our knowledge of the with p-galactose and deoxy derivatives thereof. This system has

molecular ba3|s_of biomolecular interactions in general is Very e advantage that excellent crystal structures are already
poor, and there is an urgent need to understand the mechanisms__. -

- o ) : available for a number of these complexes. While somewhat
that underly affinity and specificity of such interactions.

N unique in the high-affinity of carbohydrate binding compared
A significant number of X-ray crystal structures of carbo-

. . . with most other systems, the interactions observed in the crystal
hydrate-protein complexes can be found in the protein database, 17 - . . .
- . structure¥®17nonetheless indicate that this system is a suitable
and these are unquestionably thought-provoking in terms of the aradiam
molecular basis of carbohydrate-mediated recognition. However,p am.
it is clear from fundamental thermodynamic considerations that
both structural and dynamic considerations are of equal impor- )
tance in governing the affinity of an interactiethe affinity of (6) St. Hilaire, P. M.; Boyd, M. K.; Toone, E. Biochemistryl994 33, 14452~

. . S . 14463.

any given interaction is governed by a complex interplay (7) Toone, E. JCurr. Op. Struct. Biol.1994 4, 719-728.

between the enthalpy and entropy of bindirend hence static (&) Mandal, D. K.; Kishore, N.; Brewer, C. fBiochemistn1994 33, 1149-

X-ray structures only offer partial insight into the binding  (9) Chervenak, M. C.; Toone, E. Biochemistryl995 34, 5685-5695.

process. Thus, a number of groups have utilized isothermal (10) Supta, B.; Cho, M. J.; Cummings, R. D.; Brewer, CBlachemistnl. 996

titration calorimetry (ITC) to probe the enthalpy and entropy (11) Dam, T. K.; Oscarson, S.; Brewer, C.JFBiol. Chem1998 273 32812
PP i 32817.

of binding in f:ar.bOhydr.ate re°99”'t'°” phenoméh%i’, and (12) Clarke, C.; Woods, R. J.; Gluska, J.; Cooper, A.; Nutley, M. A.; Boons,

several authoritative reviews exist on the subjéct® G.-J.J. Am. Chem. So@001, 123 12238-12247.

(13) Burkhalter, N. F.; Dimick, S. M.; Toone, E. J. I8arbohydrates in
Chemistry and Biology. Part I: Chemistry of Saccharidemst, B., Hart,

(5) Chervenak, M. C.; Toone, E. J. Am. Chem. Sod994 116, 10533~
10539

(1) Dunitz, J. D.Chem. Biol.1995 2, 709-712. G. W, Sinay, P., Eds.; Wiley-VCH: Weinheim, 2000; Vol. 2, pp 863
(2) Sigurskjold, B. W.; Altman, E.; Bundle, D. EEur. J. Biochem1991, 197, 914.
239-246. (14) Dam, T. K.; Brewer, C. FChem. Re. 2002 102, 387—429.
(3) Sigurskjold, B. W.; Bundle, D. Rl. Biol. Chem1992 267, 8371-8376. (15) Lundquist, J. J.; Toone, E. Chem. Re. 2002 102, 555-578.
(4) Williams, B. A.; Chervenak, M. C.; Toone, E.Jl.Biol. Chem1992 267, (16) Quiocho, F. A.; Vyas, N. KNature 1984 310, 381—386.
2290722911. (17) Quiocho, F. AAnnu. Re. Biochem.1986 55, 287—315.

11870 = J. AM. CHEM. SOC. 2004, 126, 11870—11876 10.1021/ja048054m CCC: $27.50 © 2004 American Chemical Society



Thermodynamics of Ligand Binding to ABP

ARTICLES

Experimental Section

Protein Expression and Purification. The E. coli strain

overexpressing ABP was a generous gift from Prof. F. Quiocho . e
P 9 g g Q t effects were accounted for during the fitting process. Heat

(Baylor College of Medicine, Houston, Texas). Recombinan
ABP was overexpressed at 3C in LB Broth and 0.1 mg/mL
carbenicillin. Cells were harvested by centrifugation (Sorval RC-
5B, SLA-3000, 5000 rpm., 4C, 30 min) after a 8 h culture

and immediately after the periplasmic space content was

selectively extracted using the osmotic shock proceéfure.
Phenylmethanesulfonyl fluoride (PMSF) was added to the
osmotic shock fluid to 5Q:M. Prior to chromatography, the

periplasmic proteins were dialyzed against potassium phosphate3

buffer (20mM, pH 7.8). Purification of the native protein was

achieved in three steps starting with anion exchange chroma-
tography (Pharmacia DEAE Sepharose Fast Flow) using potas-

sium phosphate buffer (20 mM, pH 7.8) and a linear gradient
of 0 to 50 mM KCI over two column volumes. Fractions
containing ABP were loaded into a chromatofocusing column
(Pharmacia PBE 94 Polybuffer Exchanger) using 25 mM
imidazole-HCI (pH 7.4) as starting buffer and eluting with a
linear gradient of Polybuffer 74-HCI (pH 4.0) over eight column
volumes. Finally, gel filtration chromatography (Superdex 200,

Pharmacia) using ammonium bicarbonate as mobile phase,

yielded ABP >95% pure as estimated by SDS-PAGE. Ap-
proximately 20 mg of ABP were obtained per liter of culture.

Stable isotopes were incorporated using a medium consisting

of binding). Heats of dilution and mixing were taken into
account by subtracting blank titrations of ligand into buffer for
direct titrations, but in the case of displacement assays, these

capacities of binding were obtained from linear least-squares
fits to plots of enthalpy versus temperature over the range of
15-35°C.

NMR spectroscopy.t®N-labeled ABP samples (25£1) were
prepared using 20 mM potassium phosphate buffer (pH 7.0), 3
mM sodium azide, 0.1 mM EDTA, 50M protease inhibitor
(Pefabloc), and 10% . NMR experiments were recorded at
08 K on a Varian INOVA 500 spectrometer equipped with
triple resonance-gradient probes. The initial protein concentra-
tion was 0.3 mM. Aliquots of the sugar solution were added
into the NMR tube and vortex-mixed. The final volume
increment was less than 10% of the initial volume and the
concentration of protein at each point was corrected for dilution
from the addition of ligand. A series of sevéid—1N HSQC
spectra, with increasing concentration of sugar, were recorded
using the sensitivity enhanced protocol with spectral widths of
8000 and 2200 Hz and 1024 and 128 complex points iftkhe
and >N dimensions, respectively. Data were processed using
NMRPipe/NMRDravé® using the nlinLS routine to fit peak
positions and analyzed using NMRViéi.

Binding constants were determined by nonlinear least-squares
fitting of the chemical shift changes as a function of total ligand

of 75% Celtone-N (Spectra Stable Isotopes) and 25% of M-9 concentration using a one site binding model according to the

minimal medium containing®N-ammonium chloride as nitrogen
source.

Isothermal Titration Calorimetry. ITC measurements were
performed on a Microcal VPITC microcalorimeter which was
calibrated using the built-in electrical calibration check. To

remove any bound sugar molecules prior to binding studies,

the purified protein was dialyzed three times against 1 M
guanidineHCI, 5mM EDTA, 5mM dithiothreitol, 50mM Tris
HCI, pH 8.3; then dialyzed against 5mM dithiothreitol, 5mM
EDTA, and 25mM TrisHCI, pH 8.3 and finally twice against
the buffer used for the binding studies, always &4 Unless
stated otherwise, all ITC titrations were conducted in 25 mM
Tris*HCI pH 7.4 containing 25 mM EDTA and 1.5 mM NaN

following relationship:

max

Kd + [LT] + [PT] - \/(Kd + [LT] + [PT])2 - (4[LT][PT])
2[P,]

whereKq = 1/K, is the dissociation constant,{l.and [F] are
ligand and protein total concentratiors); is the chemical shift
change after the addition of ligand, andmax is the chemical
shift change between the free and the fully bound std(gs.
and Admax Were the fitting parameters in this analysis. When

Protein concentrations were determined spectrophotometricalIy15N chemica}l .ShiftS were used, a.scaling factor of 0.154 was
from UV absorbance measurements at 280 nm using a molarused. Data fitting was performed with the program Grace 5.1.12.

extinction coefficient,go = 64000 cnt! M~1L. Ligand concen-
trations were determined Bf# NMR using an ethanol internal

Cavity Search. X-ray coordinates for ABP complexed with
pD-Galactose (5abpp-Fucose (1abf), and-Arabinose (labe)

standard in a single-pulse experiment. Ligand samples were theryvere obtained from the Protein Data Bank. Data for ABP in
freeze-dried and redissolved in the same buffer that had beencOMplex with 1-deoxys-galactose and 2-deoxy-galactose

used for protein dialysis. All solutions were degassed im-
mediately prior to use. A typical experiment consisted of a 2
uL injection (discarded in data fitting) followed by 3@l5 x
6—8 uL injections of ligand solution into the stirred cell (1.409
mL) containing the protein, using 5 min intervals between
injections. For displacement titrations, the protein was prein-
cubated with the low affinity ligand armtgalactose was titrated
into the mixture. Data were analyzed using nonlinear least-
squares curve fitting in Origin (Microcal Inc.) using the standard
one binding site model supplied by Microcal or Sigurskjold’s
displacement modé?. This analysis yielded the thermodynamic
parametersK (binding constant) andH° (standard enthalpy

(18) Neu, H. C.; Heppel, L. AJ. Biol. Chem.1965 240, 3685-3692.
(19) Sigurskjold, B. WAnal. Biochem200Q 277, 260-266.

indicate that no extra water molecules are found in those
complexes in comparison wittrgalactosé? However, no such
data are available for the 3- and 4-dem<galactose complexes.
Thus, the program PRO_ACT was employed to search for
possible bound water locations using a probe radius of 0.95 A
as suggested by the authdfsThe coordinates for the-
galactose complex (5abp) were used in both cases with the
relevant hydroxyl group substituted by a hydrogen atom prior
to the cavity search. No extra cavities, suitable to fit a water

(20

(21
(22

(23

Delaglio, F.; Grzesiek, S.; Vuister, G. W.; Zhu, G.; Pfeifer, J.; BaxJA.
Biomol. NMR1995 6, 277—293.

Johnson, B. A.; Blevins, R. Al. Biomol. NMR1994 4, 603-614.
Vermersch, P. S.; Tesmer, J. J. G.; Quiocho, Rl.Mol. Biol. 1992 226,
923-929.

Williams, M. A.; Goodfellow, J. M.; Thornton, J. MProt. Sci.1994 3,
1224-1235.

A
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Figure 1. Raw (top) and integrated (bottom) data for titrations of ABP wuitbalactose in the absence (A,B) and presence (C,D) of 1-de@ajactose.
The concentrations of protein (@M) and titrant (0.35mM) were the same in both experiments. Fitted curves based on the one binding site (B) and displacement
models (D) are shown in red.

O

molecule, were found in any monodeoxygalactose derivative. absolute free energy of solvation, consistent with the findings
However as a control, the removal of the hydroxymethyl group of Cramer and Truhla
from p-galactose to transform the ligand intearabinose
resulted in a complex where a new cavity was found that could
accommodate an additional water molecule consistent with the = Thermodynamics of Binding of Galactose and Derivatives
crystal structure of this complé®:1” to ABP. The thermodynamics of binding of galactose and each
Chemical Synthesis of Deoxygalactose Derivativegull deoxy derivative thereof were determined at 308 K by use of
synthetic details for the 1-deoxy-, 3-deoxy-, and 4-deoxygalac- isothermal titration calorimetry. In the case of galactose and

tose derivatives used in this study can be found in Supporting 8-deoxygalactose (fucose) “direct” titrations were perfomed,
Information. whereas “competition” titratiot&28were performed in the case

of the remaining deoxy analogues in view of the low affinities.
A typical example of the latter type of titration is shown in
Figure 1.

The results of these experiments are compiled in Table 1,
om which it is clear that the range of affinities spans greater
than 4 orders of magnitude.

Similar results were obtained when Tris buffer was substituted
by phosphate buffer (data not shown), indicating that there is
no contribution to globaAH® values from heats of ionization.
The affinity for 4-deoxygalactose was too low for thermody-

’ - s namic parameters of binding to be quantified with any degree
= +60°, C5-C6-06-HO6 = —60°. Trial calculations with ot accuracy. In the absence of structural information on this
alternative low-energy conformations of hydroxymethyl- and complex, this reduction in affinity is incomprehensible and hence
hydroxyl-group rotamers, or the-p anomer, typically gave rise || not be considered further. An early study by Fukada et
to solvation free energies that differed by about 10% of the g)29 reportedKyq = 0.58 mM andAH° = —62.7 kJ/mol for
binding of galactose to ABP, which compares favorably with
(24) Hawkins, G. D.; Giesen, D. J.; Lynch, G. C.; Chambers, C. C.; Rossi, |.; the values reported here taking into account the temperature

Storer, J. W.; Li, J.; Thompson, J. D.; Winget, P.; Lynch, B. J.; Rinaldi,
D.; Liotard, D. A.; Cramer, C. J.; Truhlar, D.; AMSOL- version 7.0

Results and Discussion

Solvation Free Energy CalculationsSolvation standard free
energies for galactose and deoxy derivatives were computed
with the program AMSOL 7.6% using the AM1 Hamiltonia#?
and a solvent model (AM1-SM4-SRP) parametrized for carbo- fr
hydrate systems in aqueous solution, as descffbaticalcula-
tions were performed ofi-p-configurations with initial geom-
etries defined by the hydroxymethyl group rotamer torsion angle
06—C6—C5—H5 = —60° and hydroxyl group torsion angles
(where present) of HtC1-01-HO1= +60°, H2—C2—-02—
HO2= —60°, H3—C3-03-HO3 = +60°, H4—C4—04—HO4

University of Minnesota: Minneapolis, 2003. (27) Cramer, C. J.; Truhlar, D. G. Am. Chem. S0d.993 115 5745-5753.
(25) Dewar, M. J. S.; Zoebisch, E. G.; Healy, E. F.; Stewart, J. J. Am. (28) Turnbull, W. B.; Daranas, A. Hl. Am. Chem. SoQ004 125 14859-
Chem. Soc1985 107, 3902-3909. 14866.
(26) Barrows, S. E.; Dulles, F. J.; Cramer, C. J.; French, A. D.; Truhlar, D. G. (29) Fukada, H.; Sturtevant, J. M.; Quiocho, F.A.Biol. Chem.1983 258
Carbohydr. Res1995 276, 219-251. 13193-13198.
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Table 1. Thermodynamics of Binding of p-Galactose and Derivatives to ABP at 308 K

Ky error AG° AH° TAS® AAG2 AAG®, P stoichiometry
ligand (uM) uM (kJ/mol) error (kJ/mol) error (kJ/mol) (308 K) error (kJ/mol) (kJ/mol) n

galactose 2.2 0.02 —33.36 0.3 —-95 0.6 —61 0.6 c - 0.99+ 0.01
1-deoxy 14600 730 —10.8 0.5 —63 3 —52 3 4.6 27 1.02t 0.004
2-deoxy 780 60 —18.3 1.4 —61 4.8 —43 4.8 13.2 28 0.9% 0.002
3-deoxy 29620 2620 -9.0 0.8 —57 5 —48 5 8.6 33 0.96t 0.005
4-deoxy >100000 - - - - - - - nd - nd
6-deoxy 25.5 1.6 —27.1 1.7 —93 4 —66 4.3 20.3 27 1.0% 0.002

aValues reported are the standard free energy of solvation of the respective deoxy analogue minus the standard free energy of solvation of galactose,
computed using AMSOL 7. AAG®nt = [AG%2 — AG®1] = [AGobs2 — AG°ops] + AAG 5o, WhereAAGsoy & [AG®su2 — AG°syg] and the subscripts
1 and 2 refer to galactose and the relevant deoxy analogue, respectiVhgabsolute solvation free energy/»b-galactose computed using AMSOL 7.0
is —76.3 kd/mol.

T T T T T Scheme 1 . Born—Haber Cycles for Two Ligands Showing the
Relationship between the Observed Free Energy of Binding AGops,
| | the Intrinsic (Solute—Solute) Free Energy of Binding AG;, and the
Solvation Free Energies of the Unbound (AGs,) and Bound (AGsp)
Species
0.15 AGH
_ P+L1 P.L1
§ , ,
o 7 o 7/
ot 4G, AG, ,
—: 01 7/ 7/
o 7/ V4
2 ¥ AG2
P+L2 — — PL2
AG,1 o
0.05 AG,.1
A, 1
P(H.0), + L1(H,0). —F— PL1(H,0), + (H,0),.nmq
+(H20)M‘,-"
0 | | | | AG2 e
0 10 20 30 40 50 "8G AG,2 AG,
[1deoxy-D-galactose] mM o o
o e
Figure 2. Binding curves resulting from shifts in the \Hbackbone P(H.0). + L2(H.O AG,,2 P.L2(H.O). + (H.O
resonances of typical binding site residue$34-ABP following titration +(H(|:Oz) h (H:0\ (H0), H )m
b2

with 1-deoxyp-galactose. The measuréd is 17.1+ 5 mM.

galactose are all substantially less favorable than for galactose.
omparison of these values with those for galactose suggests
hat the standard free energy contribution to binding from a
secondary hydroxyl group is between approximately5 and

—24 kJ/mol. This contribution comprises the solus®lute
standard free energy of binding plus effects due to the

dependence of the parameters reported in the earlier study. Th
affinities of galactose, 2-deoxygalactose, and 6-deoxygalactoset
are approximately 1 order of magnitude lower than those
reported by Vermersch et al. using fluorescence titration
experiment®2 The reason for the discrepancy between these

data can also be attributed to the differences in temperaturedifferences in solvation between each ligand. the protein. and
between the two data sets (293 K in the previous study versus . . gand, P ’
each ligane-protein complex (Scheme 1).

308 K in the present study), and the temperature dependences The observed difference in binding free energy between two
of the affinities for galactose and 6-deoxygalactose (see below)l. ands is given by:

give rise to affinities at 293 K that are essentially in agreement '9 IS gV y:
with the data of Vermersch et al. However, the discrepancy of xge _ AGge. = [AG®, — AG®,] +

approximately 3 orders of magnitude for 1-deoxygalactose obs2 obst. 2. . .

cannot be explained by the higher temperature used in the {[AG°gp,— AG°y] — [AG®,~ AG®g} (1)
present study. Therefore, the affinity of 1-deoxygalactose
determined in the present study was confirmed by ligand titration
using characteristiéH and'5N NMR chemical shift perturba-
tions of binding-site residues #H—1°N HSQC spectra of°N-
enriched ABP, using resonance assignments for ABP recently
obtained in this laboratorS? Typical titration curves are
illustrated in Figure 2, and the resultikg of 17.1+ 5 mM is

in good agreement with that obtained from ITC measurements

(Table 1). . : )
Standard Free Energies of Binding.The measured standard protein or the ligand*® (apart from the loss of the relevant
free eneraies of binding for l-deox.- 5-deoxy- and 3-deox- hydroxyl group). Hence, if the first ligand L1 is identified with
9 9 Y y galactose and the second ligand L2 is identified with either the

(30) Hernandez Daranas, A.; Kalverda, A. P.; Chiovitti, A.; Homans, SJW. 1'deOny’ Z-deOXy"_ or 3-deoxy derivative, then the first term
Biomol. NMR2004 28, 191-192. on the right-hand side of eq 1 can be approximately equated

The first term on the right-hand side of eq 1 represents the
difference in the “intrinsic” (solutesolute) free energy of
binding of each ligand L1 and L2 to protein P, whereas the
second term represents the difference in solvation free energy,
which includes the loss of solutesolvent interactions and the
gain in solvent-solvent interaction3.In the crystal structures

of ABP with galactose, 1-deoxygalactose, and 2-deoxygalactose,
there are no significant conformational changes in either the

J. AM. CHEM. SOC. = VOL. 126, NO. 38, 2004 11873
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Figure 3. Binding site architecture of the complex of ABP with 6-deoxygalctose (left)mgdlactose (right)!®1Bound water molecules are indicated as
red spheres.

with the contribution to the solutesolute free energy of binding  deoxy derivatives are given in Table 1. Using the relation
of secondary hydroxyl group OH1, OH2, or OH3, respectively. AAG°soy ~ [AG°sy2 — AG°sq], we find that the contribution
The solvation term is difficult to quantify and cannot readily to the solute-solute standard free energy of binding arising from
be accessed experimentally to our knowledge. The complexesa single secondary hydroxyl group is remarkably constant at
of ABP with galactose, 1-deoxygalactose, and 2-deoxygalactose~—30 kJ/mol. Thus, the more favorable standard free energy
are reported to have the same numbers of bound waterof binding for 2-deoxygalactose in comparison with 1-deoxy-
molecules®2 however, structural details of the complex with or 3-deoxygalactose derives almost entirely from the signifi-
3-deoxygalactose have not been reported. However, a cavitycantly more favorable free energies of solvation of the latter
search using the program PRO_ACT (see Methods) indicatescompounds (ligand binding being essentially a desolvation
that additional water molecules are unlikely to be bound in this process). The constant value®G°iy is remarkable given that
latter complex. Given the same number and location of bound OH1, OH2, and OH3 support one, two, and three hydrogen
water molecules in each complex, the solvation term in eq 1 is bonds, respectively.
therefore dominated by the difference in solvation free energy In the case of 6-deoxygalactose, the standard free energy of
of the free ligands (solvation of the free protein being identical binding is much more favorable than for the other deoxy
in each case andAG°sp,2 — AG°sp] =~ 0). Unfortunately, analogues, and approaches that of galactose. However, the
experimental data on solvation free energies of carbohydratescrystal structure of the 6-deoxygalactesBP complex reveals
are not available, principally in view of the fact that their transfer that the loss of OH6 is compensated by a second bound water
from the water to the vapor phase is effectively undetectable. molecule, and one additional hydrogen bond is formed in the
As an alternative, we therefore sought to compute the solvation 6-deoxygalactoseABP complex in comparison with the ga-
free energies for galactose and relevant deoxy derivatives. Initial lactose-ABP complex (Figure 3). Moreover, the first bound
attempts using free energy perturbation (FEP) calculattons water molecule is repositioned together with reorientation of
were unreliable due to substantial statistical noise derived from certain binding site residue side chafst is notable that the
the many torsional degrees of freedom in galactose and reduction in binding affinity for 6-deoxygalactose compared with
analogues. As an alternative, we therefore utilized a quantumgalactose is due largely to a less favorable entropic tefrd (
chemical solvation model based on a continuum treatment of kJ/mol), which compares with an entropic cost betwe€nand
dielectric polarization and solvent-accessible surface?drEae 8 kJ/mol for a single bound water molecule estimated by
advantages and disadvantages of implicit solvation models haveDunitz3> However, in the complex of ABP with arabinose,
recently been reviewed by Cramer and TruRfafhe chosen  where again a second bound water molecule is found in the
model has been used successfully to examine the conformationabinding site, we find that the entropic term is 26 kJ/mol less
stabilities of glucose in solutio??:?In an effort to validate this ~ favorable AG® = —34.8 kJ/mol,AH® = —122 kJ/mol, TAS
model for the present application, we determined the solvation = —87.2 kJ/mol). Thus, the interpretation of the binding
free energy differenceAAG’soy between two carbohydrate  thermodynamics of 6-deoxygalactose is not straightforward due
analogues for which approximate experimental solvation free to a number of competing factors.
energy data are available, namely tetrahydropyran (thp) and  Temperature Dependence of Thermodynamic Parameters.
2-hydroxytetrahydropyran (hthg)The resulting valueXAG°so In an attempt to obtain further insight into the entropies of
= AG’soiv(thp) — AG°soiv(nihp) = 10.9 kJ/mol) is in reasonable  pinding, the temperature dependence of the thermodynamics of
agreement with the experimental value of 13.3 kJ/mol, given the binding of galactose and 6-deoxygalactose was also inves-
that the latter is an estimate from a variety of experimental data. tigated using ITC, and the results are listed in Table 2. The
Results of AMSOL 7.0 calculations on galactose and relevant magnitude ofAH® is a function of the heat capacity at constant
pressure,AC,, which can be determined directly from the

(31) Simmerling, C.; Fox, T.; Kollman, P. Al. Am. Chem. Sod 998 120,

5771-5782.
(32) Cramer, C. J.; Truhlar, D. Ghem. Re. 1999 99, 2161-2200. (34) Quiocho, F. A.; Wilson, D. K.; Vyas, N. KNature1989 340, 404-407.
(33) Wolfenden, R.; Liang, Y.-LJ. Biol. Chem.1988 263 8022-8026. (35) Dunitz, J.Sciencel994 264, 670.
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Table 2. Temperature Dependence of the Binding of p-Galactose 1-deoxy, 2-deoxy-, and 3-deoxy analogues of galactose are each
and 6-Deoxy-p-galactose to ABP more favorable than that of galactose by-30 kJ/mol, which
Ky AG AR TAS® is counterintuitive. While the unfavorable entropic contribution
ligand (uM) error  (kJ/mol) error  (kJ/mol) error (kJ/mol) error arising from the loss of a given hydroxyl group may comprise
act 2o 0.02-33 32080K02 950 06 —6L6 06 a number of factors, including the influence of an unpaired polar
galactose . UZ—o0. . —30. . —0l. . . : . . . .
6-deoxy 255 16 -271 02 -93 4 66 43 S|d<_3 chain, van der Wa_als |nteract|ons,_or nonpc_)lar mtera_lctlons
208 K during complex formation, the conclusion that ligargtotein
galactose 0.61 0.02-3545 0.1 —87.4 0.84 —52.0 0.84 hydrogen bonds are enthalpically significantly more favorable
6-deoxy  6.67 0.09-29.53 0.03 —81.67 0.5 —52.1 0.45 than ligand-solvent hydrogen bonds would appear to be
288 K inescapable, at least in this system. This is in marked contrast
galactose 0.52 0.04-34.63 0.19 —81.8 1.34 —47.2 1.3 to the conclusions of Connelly et al. in the study of FK506
6-deoxy ~ 2.43 0.07-30.95 0.08 —74.43 0.93 —43.5 0.9 binding interactiond? The large negativeAS® of binding might

in turn arise from significant restriction of protein degrees of
temperature dependence/dfi°. A simple linear model provides ~ freedom due to the strong nonbonded interactions with the
estimates ofAC, for the binding of galactose and 6-deoxyga- ligand. Alternatively, as suggested by Lemiedihe unfavor-
lactose of—656 & 57 and—936 + 124 J/mol/K, respectively.  ableTAS’ term might derive from disordered water molecules
Since the early work of Kauzman@® large changes in heat  adjacent to polyamphiphilic “hydraphobic” surfaces which are
capacity have been identified as a signature for hydrophobic less structured in comparison with bulk water. It should be
interactions’” A significant negativeAC, of binding suggests ~ possible to distinguish between these two possibilities by
burial of hydrophobic surface area, based on the good correlationmeasurement 6fAS’ for protein degrees of freedom on a per-
betweenAC, and changes in surface area in a number of residue basis by use of NMR relaxation experiméhté
systems® The larger negativ\C, for the more hydrophobic ~ Resonance assignments in ABP have recently been completed,
6-deoxygalactose in comparison with that for galactose is and such measurements are in progress.

consistent with this interpretation. By use of solvent-accessible Conclusions

surface areas for galactose and 6-deoxygalactose computed from

AMSOL 7.0 calculations, together with eq 12 of ref 26AC°p In this study we have compared the thermodynamics of
is estimated to be-—90 J/mol/K. In addition, the contribution ~ Pinding of galactose and various deoxy derivatives thereof to
to AAC?p arising from the sequestration of one additional water the arabinose binding protein. A combination of isothermal
molecule in the complex with 6-deoxygalactose can be estimatedtitration calorimetry experiments together with calculation of

as~—75 J/mol/K1237 giving a total AAC®s = —165 J/mol/K. relative ligand solvation free energies, reveals that the contribu-
This result is in satisfactory agreement with the experimental tion to the solute-solute free energy of binding from the OH1,
value of AAC®p = —280 + 136 J/mol/K. OH2, OH3, and OH6 groups appears to be remarkably constant

Overall Thermodynamics of Binding. Binding to ABP of at ~—30 kJ/mol, despite the fact that each hydroxyl group
all ligands described in the present study is enthalpy driven. Subtends different numbers of hydrogen bonds in the complex.
With the exception of charged ligands such as heparin and The substantially unfavorable enthalpy of binding30 kJ/mol)
heparin sulfate, bothH® and particularlyTAS® are significantly ~ Of 1-deoxygalactose, 2-deoxygalactose, and 3-deoxygalactose
larger than typical values reported for the vast majority of N comparison with that of galactose, cannot be readily ac-
carbohydrate protein interaction&? including oligosaccharides. ~ counted for by differences in ligand solvation, suggesting that
The reason for these anomalously large values cannot beligand—protein hydrogen bonds are enthalpically significantly
delineated with certainty from global thermodynamics measure- more favorable than liganesolvent hydrogen bonds. The
ments derived from ITC. It is noteworthy, however, that the Significant affinity of ABP for 6-deoxygalactose, which is only
AHe value for binding of galactose compared with that for ~1 order of magnitude weaker than galactose, derives in part
1-deoxy-, 2-deoxy-, or 3-deoxygalactose is favorable~30 from the incorporation of an additional water molecule that
kJ/mol. Naively, one might interpret this additional enthalpic Substitutes for OH6. In contrast, the substantially higher affinity
contribution to binding in the case of galactose as arising from for 2-deoxygalactose in comparison with that for either 1-deoxy-
the additional hydrogen bond(s) that form due to the additional 9alactose or 3-deoxygalactose derives not from differences in
hydroxyl group in the complex. However, prior to binding, the solvation of the binding site but from differences in the solvation
ligand is hydrogen bonded to solvent water, the enthalpic free energies of the free ligands. We have recently noted similar
contribution of which is contained withiAAG?sqy. Intuitively, thermodynamics governing the specificity of binding of pyrazine
one would anticipate that the enthalpic componexh‘s,,) derivatives to the major urinary protethisuggesting that the
for solvation of deoxy analogues of galactose compared with modulation of binding specificity by ligand solvation thermo-
that for galactose is endothermic, i.e., solvation of deoxy dynamics may be a general phenomenon.
analogues is enthalpically less favorable than that ofgalactose.(39) Connelly, P.; Aldape, R. A.: Bruzzese, F. J.. Chambers, S. P.: Fitzgibbon
If one assumes momentarily that the enthalpic contribution from M. J.; Fleming, M. A.; Itoh, S.; Livingston, D. J.; Navia, M. A;; Thomson,
ligand-protein hydrogen bonds is effectively zero, on the basis , 32 Wilson, K. P.Proc. Natl. Acad. Scil994 91, 1964-1968.

. . . ) Lemieux, R. UAcc. Chem. Red.996 29, 373-380.
that hydrogen bonds to solvent exist prior to the association, (41) Akke, M.; Bruschweiler, R.; Palmer, A. G. Am. Chem. S0d.993 115,
)
)

i i 9832-9833.
one must conclude that the enthalpies of solvation of the (42) Yang, D. W.: Kay, L. EJ. Mol. Biol. 1996 263 369-382.

(43) Yang, D.; Mok, Y.-K.; Forman-Kay, J. D.; Farrow, N.; Kay, L. E.Mol.

(36) Kauzmann, WAdv. Protein Chem1959 14, 1-63. Biol. 1997, 272, 790-804.

(37) Cooper, ABiophys. Chem200Q 85, 25—39. (44) Bingham, R.; Bodenhausen, G.; Findlay, J. H. B. C.; Hsieh, S.-Y.; Kalverda,

(38) Spolar, R. S.; Livingstone, J. R.; Record, M. TBibchemistry1992 31, A. P.; Kjellberg, A.; Perazzolo, C.; Phillips, S. E. V.; Seshadri, K.; Turnbull,
3947-3955. W. B.; Homans, S. WJ. Am. Chem. So@004 126, 1675-1681.
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