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ABSTRACT

The enthalpies and entropies for phosphate complexation by ammonium and guanidinium groups have been compared using cationic
cyclodextrins. Aryl phosphate binding by guanidinium hosts is associated with more favorable enthalpies and less favorable entropies, consistent
with the idea that guanidinium−phosphate interactions are stronger but more directional than ammonium−phosphate interactions. The slope
of an enthalpy−entropy plot suggests that complexation occurs with surprisingly small changes in the order of these systems.

The reversible phosphorylation of tyrosine residues on the
surfaces of cellular proteins plays a key role in many signal
transduction pathways. Phosphorylation serves as a switch,
inducing binding of secondary cytosolic proteins at the site
of modification, which in turn alters the activity and/or
subcellular location of the secondary protein.1 These second-
ary proteins contain domains that recognize and bind to the
phosphorylated tyrosine. Two types of phosphotyrosine
recognition domains have been identified and are termed SH2
and PTB domains. These share little sequence homology or
structural similarity, suggesting they are products of con-
vergent evolution. Importantly, however, both types of
domains use the guanidinium group of arginine residues to
form direct contacts with the phosphate group of phospho-
tyrosine.2 These interactions are essential for complex
formation, as proteins containing unphosphorylated tyrosine

show no appreciable binding and SH2 domains possessing
an arginine to lysine mutation in the phosphotyrosine binding
pocket are effectively unable to bind (∆∆G> 4 kcal/mol).3

The fact that this interaction has been selected in two
evolutionarily distinct protein domains suggests that guani-
dinium groups may be significantly more effective for
complexation of aryl phosphates than ammonium groups.

An apparent inconsistency exists. For the biological
systems described above, lysine appears to be inferior to
arginine for phosphate complexation. In contrast, results with
model systems generally suggest that ammonium groups are
as or more effective than guanidinium groups for the
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complexation of phosphates in aqueous solution.4,5 We
considered that this discrepancy could at least in part result
from the more stringent geometrical requirements for guani-
dinium-phosphate interactions. In flexibile model systems,
complexation can be expected to result in significant loss of
conformational entropy; this effect is presumably more
pronounced in the case of guanidinium due to the preference
of this group to form two hydrogen bonds with phosphate.6,7

The “entropic disadvantage” of guanidinium relative to
ammonium in model systems is likely to be absent in protein
systems, where amino acid side chains within a binding site
are generally highly oriented. Comparisons with models
would then be expected to underestimate the phosphate-
complexing ability of arginine relative to lysine in a protein.

To determine if there is in fact an entropic disadvantage
for phosphate complexation by guanidinium groups in
relatively flexible host-guest systems, we have compared
the binding of bis-ammonium and bis-guanidiniumâ-cyclo-
dextrin (â-CD) derivatives with a series of aryl phosphate
monoesters.8 Isothermal titration calorimetry was employed
for analysis, a technique that provides entropies and enthal-
pies for complexation.9

The hosts and guests included are shown in Figure 1, and
the results are given in Table 1.10,11

A number of general observations can be made from these
data. In all cases, binding is both enthalpically and entropi-
cally favorable, and while the binding free energies displayed

by the four hosts with a given guest are very similar (∆∆G
e 0.4 kcal/mol), there are significant differences in the
respective enthalpic and entropic contributions. Relative to
phenyl phosphate, each host exhibits slightly weaker binding
with phosphotyrosine, which is primarily associated with less
negative enthalpies. In contrast, binding with diamides7 and
8 is significantly stronger, which results from much more
negative enthalpies despite decreases in the associated
entropies.12 With regard to relative orientation of the two
cationic groups, for the guanidinium derivatives, the A,D
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Figure 1. Hosts and guests employed for the present study. For
compounds1-4, each small circle represents a glucose unit of
â-cyclodextrin and X is a group covalently bonded to C-6 of the
respective monomer.

Table 1. Thermodynamic Parameters for Host-Guest Complex
Formationa-c

host

guest 1 2 3 4

5 -∆G 3.94 ( 0.07 3.84 ( 0.08 3.74 ( 0.06 3.98 ( 0.06
-∆H 1.12 ( 0.15 1.24 ( 0.13 1.64 ( 0.24 2.32 ( 0.46
T∆S 2.82 ( 0.21 2.60 ( 0.17 2.10 ( 0.29 1.66 ( 0.51

6 -∆G 3.73 ( 0.23 3.58 ( 0.37 3.35 ( 0.39 3.36 ( 0.12
-∆H 0.76 ( 0.16 0.87 ( 0.56 0.54 ( 0.30 1.32 ( 0.25
T∆S 2.96 ( 0.40 2.71 ( 0.91 2.81 ( 0.68 2.05 ( 0.35

7 -∆G 4.50 ( 0.02 4.44 ( 0.05 4.57 ( 0.04 4.83 ( 0.05
-∆H 2.84 ( 0.28 2.48 ( 0.54 3.17 ( 0.68 4.03 ( 0.55
T∆S 1.66 ( 0.29 1.97 ( 0.58 1.40 ( 0.72 0.80 ( 0.60

8 -∆G 4.47 ( 0.01 4.35 ( 0.02 4.49 ( 0.01 4.71 ( 0.01
-∆H 2.66 ( 0.39 2.88 ( 0.11 3.42 ( 0.10 3.98 ( 0.34
T∆S 1.81 ( 0.40 1.47 ( 0.12 1.07 ( 0.09 0.72 ( 0.33

a Values in kcal/mol.b Experiments were carried out at 25.0°C at 100
mM total phosphate concentration, pH 7.00.c Results represent the averages
from three to five replicate measurements and uncertainties are the
corresponding standard deviations.
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substitution pattern (i.e., compound4) is marginally preferred
in terms of free energy and highly preferred in terms of
enthalpy. In fact, binding by host4 affords the most negative
enthalpy values as well as the least positive entropy values
with the guests. For the ammonium compounds, A,C
substitution is slightly preferred in terms of free energy, but
no clear trends exist with regard to enthalpy or entropy.
Finally, none of the hosts display significant enantioselection
between diamides7 and8.13

To compare the entropies and enthalpies of phosphate
complexation by ammonium and guanidinium groups, we
have compared these quantities for the binding of structurally
analogous ammonium and guanidinium hosts (1 and 3, 2
and 4) with each guest (Figure 2). As shown in panel A,

binding by the ammonium compound is more entropically
favorable in every case. The average difference inT∆S at
25.0 °C is 0.67 kcal/mol (or 0.33 kcal/mol per cationic
group). As shown in panel B, binding by the guanidinium
compound is more enthalpically favorable in all but one case,

with an average difference in∆H of 0.70 kcal/mol (or 0.35
kcal/mol per cationic group). These results are consistent with
the idea that guanidinium-phosphate interactions have more
stringent geometrical requirements but, if properly oriented,
lead to stronger association (as indicated by the enthalpies
reported here). The structure of an energy-minimized com-
plex between3 and7 is shown in Figure 3. It is important

to point out, however, that these effects are small relative to
the large free energy changes observed in the mutagenesis
experiments described above (∆∆GRfK g 4 kcal/mol),
suggesting that other factors contribute to the observed
preference in the protein systems.

The compensatory enthalpic and entropic contributions to
binding for each host with a given guest prompted us to make
a plot of ∆H vs T∆S for these data (Figure 4). All 16 data

points give a good fit to a straight line with a slope of 0.61
and an intercept of 3.26 (r ) 0.97).15 Inoue has suggested

(13) For a recent comprehensive study on enantioselectivity by unmodi-
fied cyclodextrins, see: Rekharsky, M. V.; Inoue, Y.J. Am. Chem. Soc.
2000,122, 4418-4435.

(14) Generated with MacroModel version 5.0 using the AMBER* force
field and water solvation parameters contained within MacroModel.
Mohamadi, F.; Richards, N. G. J.; Guida, W. C.; Liskamp, R.; Lipton, M.;
Caufield, C.; Chang, G.; Hendrickson, T.; Still, W. C.J. Comput. Chem.
1990,11, 440-467.

(15) We have recently carried out binding experiments with1-4 and
4-tert-butylphenyl phosphate. The resulting data do not fit this line, but
rather define a second line which has a similar slope but a different intercept.

Figure 2. Comparison of the entropies (panel A) and enthalpies
(panel B) of binding by structurally analogous ammonium and
guanidinium cyclodextrins with each guest. The solid and striped
bars depict data for the ammonium and guanidinium hosts,
respectively.

Figure 3. Structure of energy-minimized complex between3 and
7.14

Figure 4. An enthalpy-entropy compensation plot obtained from
the data in Table 1.
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that the slope of such a plot indicates the extent of
conformational change associated with binding in a particular
system.16 The slope of 0.61 for the present system is
significantly smaller that that observed for binding by
unmodifiedâ-CD (0.80)16c and is effectively equal to that
observed for two highly rigid porphyrin-based systems
(slopes ) 0.60 and 0.61).16a On the basis of the hosts
surveyed by Inoue, this result would indicate that introduction
of two cationic groups inâ-CD significantly increases host
preorganization. We considered that this in turn could result
from hydrogen bonding of the cationic groups with hydroxyl
groups on neighboring glucose residues, thereby rigidifying
the macrocycle; minimal evidence for such hydrogen bonding
was found using molecular mechanics or dynamics simula-
tions, however. As an alternate explanation, we propose that,
rather than being more preorganized, the present hosts may
retain a greater degree of conformational flexibilityupon
complexation than doesâ-CD. Assuming a significant
Coulombic contribution to binding,1-4 would be able to
take advantage of the energy from ionic interactions while
forming looser or less ordered complexes than would be
associated with purely dipole-dipole or dispersion interac-
tions.17 Further experiments are currently underway to
explore the validity of this hypothesis.

These experiments provide the first comparison of phos-
phate complexation by ammonium and guanidinium groups

that partitions binding free energy into its entropic and
enthalpic components. The differences observed for these
thermodynamic quantities suggest that orientational prefer-
ences can create biases in model studies that seek to compare
discrete binding interactions in proteins and argue for the
use of binding enthalpies rather than free energies in such
investigations. In contrast to results from prior studies, the
data indicate that arginine may in fact be more effective than
lysine as a phosphate-complexing moiety in protein systems.
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