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ABSTRACT: Thermodynamic parameters were determined
for complex formation between the Grb2 SH2 domain and
tripeptides of the general form Ac-pTyr-Xaa-Asn in which the
Xaa residue bears a linear alkyl chain varying in length from 1—
S carbon atoms. Binding affinity increases upon adding a
methylene group to the Ala derivative, but further chain
extension gives no extra enhancement in potency. The
thermodynamic signatures of the ethyl and n-propyl derivatives

are virtually identical as are those for the n-butyl and n-pentyl analogues. Crystallographic analysis of the complexes reveals a high
degree of similarity in the structure of the domain and the bound ligands with the notable exception that there is a gauche
interaction in the side chains in the bound conformations of ligands having n-propyl, n-butyl, and n-pentyl groups. However,
eliminating this unfavorable interaction by introducing a Z-double bond into the side chain of the n-propyl analogue does not
result in an increase in affinity. Increases in the amount of nonpolar surface that is buried upon ligand binding correlate with
favorable changes in AH®, but these are usually offset by corresponding unfavorable changes in —TAS®; there is little correlation

of AC, with changes in the amount of buried nonpolar surface.
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Predicting how altering the structure of a small molecule
affects its affinity for a target protein is a critical goal in
molecular recognition in biological systems and during the lead
optimization phase of drug discovery.'~® However, estimating
even relative protein binding affinities is a significant challenge
because there is a lack of experimental information detailing
how the enthalpic, AH®, and entropic, AS°, components of
protein binding free energies, AG®, are affected by
incrementally varying structures of ligands in well-characterized
biological systems.” '’ Even when such data are available,
correlating variations in thermodynamic parameters with
differences in structural features in the respective complexes
is problematic, in part because of enthalpy/entropy compensa-
tion'® > and the frequent lack of a correlation between AG®
and either AH® or —TAS°.*'

Toward enhancing the knowledge base that will lead to a
better understanding of energetics and structure in protein—
ligand interactions, we have conducted a number of systematic
investigations in which binding free energies, enthalpies, and
entropies were determined and correlated with structural data
for proteins complexed with congeneric small molecules.”*~>*
Studies of how changes in the structures of peptides derived
from Ac-pTyr-Val-Asn-NH, affect binding thermodynamics in
their associations with the SH2 domain of growth receptor
binding protein 2 (Grb2)*” have led to some unexpected
discoveries. For example, we found that introducing a cyclic
constraint to stabilize the bound conformation of small
molecules in solution does not necessarily result in relatively
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more favorable binding entropies, even though potencies may
increase.”*~*’ This finding is contrary to commonly held beliefs
regarding the putative effects of ligand preorganization.” In
another study, we determined binding energetics for complexes
of the Grb2 SH2 domain with tripeptides Ac-pTyr-Xaa-Asn-
NH, in which the Xaa residues were a,a-cycloaliphatic amino
acids having different ring sizes and found that adding
methylene groups enhanced binding affinity because increas-
ingly favorable binding enthalpies dominated increasingly less
favorable binding entropies.”® Although this discovery is not
unprecedented in protein—ligand associations,”*' ™ it is not in
accord with the entropy driven hydrophobic effects that might
be expected to accompany adding nonpolar surface area to
small molecules.**~3¢

In order to further explore this enthalpy-driven hydrophobic
effect, we prepared compounds 1—S, which are analogues of
Ac-pTyr-Xaa-Asn-NH, in which the Xaa residues bear n-alkyl
groups. We then determined their binding parameters (K,
AG°, AH®, AS°, and ACP) for the Grb2 SH2 domain using
isothermal titration calorimetry (ITC) and the structures of
their respective complexes with the domain by X-ray
crystallography.

The results of the ITC studies (Table 1) reveal that 2 binds
with a free energy change that is 0.8 kcal'mol™" greater than 1.
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The enhanced potency of 2 relative to 1 arises because a more
favorable binding enthalpy (AAH® = —1.9 kcal'mol™") for 2
dominates a relatively less favorable binding entropy (—TAAS°®
= +1.1 kcal-mol™). However, subsequent addition of
methylene groups to give 3—3 provides no further increase in
affinity for the Grb2 SH2 domain. The thermodynamic
signatures of 2 and 3 are virtually identical as are those for 4
and S. Although the observed AH® for binding of 4 and S to
the domain are each about 0.5 kcal-mol™' more favorable than
those of 2 and 3, this enthalpic advantage is completely offset
by binding entropy changes for 4 and § that are 0.5 kcal'mol™
less favorable than for 2 and 3. The observed binding affinities
for 2—S§ are thus identical within experimental error. The heat
capacity changes, AC,, for the associations of 1—5 with the
Grb2 SH2 domain are negative as expected for the burial of
nonpolar surfaces upon complex formation,>**” > but there is
no meaningful relationship between the value of AC, and the
number of methylene groups in the alkyl chain.

The structures of 1—5 bound to the Grb2 SH2 domain were
determined by X-ray crystallography to resolutions of 1.6—1.8
A. Pairwise alignment of the backbone atoms belonging to the
domain in the complex of 1 with the complexes of 2—S§ yielded
average root-mean-square deviations (rmsds) of <0.2 A (Figure
la). Similarly, the rmsds for all non-hydrogen, equivalent atoms
belonging to 1—5 and to the domain residues, that make van
der Waals (vdW) contacts with the pY + 1 residue of the bound
ligands are <0.2 A (Figure 1b). Because these values are less
than the average atomic coordinate error associated with the
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Figure 1. (a) Overlay of complexes of the Grb2 SH2 domain with 1—
S. Oxygen, nitrogen, and phosphorus atoms are colored red, blue, and
orange, respectively. Carbon atoms belonging to the ligands (sticks)
are colored cyan, while those belonging to the domain (cartoon) are
colored green. (b) Overlay of 1—5 (thick sticks) showing side chains
of domain residues GIn106 and Phe108 (thin sticks) involved in vdW
contacts. Water molecule (red sphere) is present only in the complex
of 1. (c) Compounds 1 and (d) 3—5 bound to the Grb2 SH2 domain
(vdW surface).

molecular models,*® these differences are not considered
significant. Thus, with the obvious exception of the side-chain
atoms in the pTyr+1 replacement, the complexes are virtually
identical. Each ligand adopts a f-turn conformation in which
the carbonyl oxygen atom of the pTyr residue forms an
intramolecular hydrogen bond with the NH, group of the C-
terminal amide (Figure 1b, dashed, red line). It is noteworthy
that there is a gauche interaction about the C4—C, bond in the
n-alkyl side chains in the pTyr+1 residue of the bound forms of
3—5 (Figure 1d, dashed, red arc). This energetically

Table 1. Thermodynamic Data and Summary of Polar and Nonpolar Contacts for Complexes of 1—6 and the Grb2 SH2

Domain®?
total polar
contacts®
K, water- pTyr+l vd
ligand (X 10° M™') AG® (kcal'mol™) AH° (kcal'mol™) —TAS® (kcal-mol™) AC, (cal'mol™'K™)  direct mediated contacts? ACSA,, (A%
1 22 +0.1 -73 £ 0.1 —-49 + 0.3 —24 + 0.1 -123 +9 14 S 4 180
2 8.6 + 02 81+ 0.1 —68 0.5 -13 0.1 ~170 + 15 14 s o 189
3 7.6 £ 1.0 —8.0 £ 0.1 —6.7 £ 0.5 -13+03 -173 + 13 14 4° 12 202
4 84+ 06 —8.1 £0.1 73+ 03 —0.8 + 02 —138 + 12 14 3 14 220
S 7.8 £ 0.6 —-8.0 £ 0.1 =72 +03 —0.8 £ 0.2 —-148 + 7 13 4° 14 217
6 6.1 +02 =79 £ 0.1 =70 £ 0.2 —-09 + 0.1 —-176 + 7 13 2° 9 204

“ITC experiments were conducted at 25 °C in HEPES (50 mM) with NaCl (150 mM) at pH 7.45 =+ 0.05 as previously reported.”* *Three or more
experiments were performed for each ligand, and the averages are reported following normalization of the n values for each experiment by ad]ustmg
ligand concentration (See Supporting Information). Errors in the thermodynamic values were determined by the method of Krishnamurthy.'® “Total
direct and single water- medlated hydrogen bonding contacts between protein and ligand for which non-hydrogen donor—acceptor distances are
within the range 2.5-3.5 A. ?A vdW contact exists when the interatomic distance between a methylene or a methyl group in the pTyr+1 residue and
a carbon, nitrogen, or oxygen atom belonging to GIn106, His107, and Phe108 of the domain is in the range of 3.4—4.2 A. A water-mediated contact
is not counted because the non-hydrogen donor—acceptor distance is 3.6 or 3.7 A, whereas this distance is 3.5 A for corresponding contacts in other
complexes. An interaction with a contact distance of 4.27 A is not counted as a vdW contact.
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Figure 2. Selected water networks and vdW contacts in the complexes of 3 and 6. Oxygen, nitrogen, and phosphorus atoms are colored red, blue,
and orange, respectively, and carbon atoms are colored cyan, green, or orange. Some water-mediated contact distances exceed the 3.5 A cutoff used
to define polar contacts, but the differences in corresponding distances are within coordinate error. (a) Compound 3 (cyan sticks) makes water-
mediated contacts (black dashed lines) to the side-chains of residues Ser90 and Lys109 of the domain (green lines) via conserved water molecules
W2, W6, and W7 (red spheres). (b) Compound 6 (cyan sticks) makes a water-mediated contact (black dashed lines) to the side-chain of Ser90
(green lines). (c) The propenyl side-chain of the pTyr+1 residue of 6 (orange sticks) is turned slightly away from the side-chain of GIn106 of the
domain (green surface) relative to the propyl side-chain of the pTyr+1 residue of 3 (cyan sticks).

unfavorable conformation is presumably adopted in order to
avoid the close contacts with the side-chains of GIn106 and
Phel08 that would be required if the side chains were in
extended conformations.

Having thermodynamic and structural data for a series of
related complexes offers an opportunity to correlate structure
and energetics. Toward this end, we analyzed the nonbonded,
polar contacts within 2.5-3.5 A between non-hydrogen donor
and acceptor atoms in the complexes of 1—5. The number of
direct polar contacts is the same in all of these complexes with
the exception of S, for which there is one less such contact
(Table 1). This difference arises because the distance between
one of the phosphate oxygen atoms of the ligand and a side-
chain nitrogen atom of Arg86 is 3.6 A in the complex of 5
compared with 3.3—3.5 A in the other complexes (Figures S5—
S9, Supporting Information). These variations in contact
distances are within coordinate error, so there is arguably no
meaningful difference in the total number of direct polar
contacts in the complexes of 1-S5.

There are some minor differences in the number of water-
mediated contacts in the complexes of 1—5. These dissim-
ilarities result from slight variations in contact distances that are
within experimental error and from differences in the number
of ordered, interfacial water molecules. Namely, a water-
mediated contact between the pTyr+3 amide nitrogen atoms of
3 and S and the side-chain of Lys109 in their respective
complexes is 3.7 A, whereas in other complexes the
corresponding distance is 3.5 A (Figures SS—S9, Supporting
Information). Relative to the other complexes, there are two
tewer ordered water molecules in the complex of 4. There is
also a water molecule in the complex of 1 that is located 3.9 A
from the Cy carbon atom of the pTyr+1 residue, but this water
molecule is not apparent in complexes of 2—S (Figure 1b,c).
Although this water molecule does not mediate any protein—
ligand contact, its presence in the binding pocket will incur an
entropic penalty.*' However, such a penalty is not reflected in
the observed relative binding entropy for 1, which is more
favorable than for 2—S5, suggesting that the specific environ-
ment of bound water molecules is important. Because only
ordered water molecules are visible by crystallography and
some water molecules are not observed in all complexes,
correlating the number of water-mediated contacts and
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interfacial water molecules in the complexes with binding
thermodynamics can be problematic.

We inventoried the vdW contacts in the complexes of 15
with the Grb2 SH2 domain using a distance criterion of 3.4—
4.2 A for nonbonded atoms (Table 1).** The number of such
contacts between the domain and the pTyr and pTyr+2
residues of 1—$ are identical. However, there are significant
differences in the number of vdW contacts between the domain
and the alkyl side chains of the pTyr+l residues of 1-S.
Specifically, the total number of vdW contacts increases from
four in the complex with 1 to 14 in each of the complexes with
4 and 5. Consistent with the more favorable AH® that is
observed for 2 relative to 1, the greatest increase in vdW
contacts is observed upon adding the first methylene group to
give 2, the terminal methyl group of which interacts with a
shallow pocket in the domain.

In order to determine whether there was any correlation
between thermodynamic binding parameters and buried
nonpolar Connolly surface area (CSA,,),*’ values for
ACSA,, were determined usingg the structures of the complexes
1-5 as previously described.”® The value of ACSA,, for each
complex correlates positively with AH® (R* = 0.74) and
negatively with —TAS® (R* = 0.87). It is notable that increases
in the amount of nonpolar surface that is buried upon ligand
binding thus correlate with favorable changes in AH® but less
favorable changes in —TAS°®. This finding is inconsistent with
conventional wisdom regarding the thermodynamic effects of
burying nonpolar surface. Moreover, there is little correlation of
ACSA,, with AC, (R? = 0.25), suggesting that AC, may not be
a reliable indicator for the amount of nonpolar surface excluded
from solvent upon complex formation.*”

The preferred conformations of the n-alkyl side chains of 3—
S in solution are presumably extended, so the gauche
interaction found in their bound forms might be anticipated
to be accompanied by an enthalpic penalty of up to about 0.9
keal'mol™". Modeling suggested that the effects of A'-strain
would preferentially orient the 1-(Z)-propenyl side chain in 6
in a conformation that corresponds with the n-propyl group in
the bound structure of 3. The olefinic side chain would thus be
expected to attenuate the adverse enthalpic consequences
associated with conformational differences in the pTyr+l
residue in the free and bound ligands. Moreover, preorganiza-
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tion of the side chain might be expected to have a favorable
entropic consequence.

Accordingly, we prepared 6, and although we discovered that
it does bind to the domain with a slightly more favorable
enthalpy than 3, an unexpected entropic penalty offsets this
advantage, and 3 and 6 are equipotent. Toward correlating
structure and energetics for interactions of 3 and 6 with the
Grb2 SH2 domain, the structure of the complex of 6 with the
Grb2 SH2 domain was obtained at 1.6 A resolution. The
domain backbone atoms in the complexes of 3 and 6 align with
an average rmsd of <0.2 A, and although the three carbon
atoms in the respective side chains of 3 and 6 align with an
rmsd of 0.48 A, all other atoms in 3 and 6 align with an average
rmsd of <0.2 A.

On the basis of the distance criterion used for direct polar
contacts, there is one fewer such contact in the complex of 6
than 3 (Table 1) because the distance between a side-chain
nitrogen atom of Arg86 and one of the phosphate oxygen
atoms of 6 is 3.6 and 3.4 A in the complex of 3 (cf. Figures S7
and S10, Supporting Information). Inasmuch as this difference
is within coordinate error, the number of direct polar contacts
in the complexes of 3 and 6 are arguably the same. However,
there are significant dissimilarities in the water networks in
these complexes because two ordered water molecules present
in the complex of 3 are absent in the complex of 6 (Figure
2ab). In the complex of 3, these water molecules mediate
interactions between the side chain of Lys109 of the domain
and the pTyr+3 amide moiety of 3. Within experimental error,
the AH® and —TAS® for binding of these two ligands are
closely similar, thereby reflecting the difficulties associated with
correlating differences in water networks with observed binding
energetics.”> There are fewer vdW contacts between the
pTyr+1 residue in 6 than in 3 because the propenyl side chain
of 6 is displaced slightly away from the side chain of the GIn106
residue of the domain (Figure 2c).

In summary, the binding affinities of the congeneric series of
phosphotyrosine-derived ligands 1—6, which differ incremen-
tally in the nature of their side chains at the pTyr+1 site, for the
Grb2 SH2 domain were determined, and the structure of each
complex was solved by X-ray crystallography. Although some
differences in thermodynamic parameters and polar and vdW
contact distances are nearly identical within experimental error,
some correlations between structure and energetics are
possible. Although 2 binds with a free energy change that is
0.8 kcal-mol™ greater than 1, further increases in chain length
are not accompanied by any significant changes in binding
affinities because any favorable change in AH® is offset by a
correspondingly less favorable change in —TAS®. This finding
may be contrasted with our previous study in which we
observed that adding methylene groups to cyclic amino acid
pTyr+1 replacements resulted in increasingly more favorable
binding free energies and enthalpies.”® Even though 3 makes
more vdW contacts with the domain than 2, the thermody-
namic signatures of 2 and its homologue 3 are indistinguish-
able. Toward assessing whether a gauche interaction in the side
chain of the bound form of 3 might mitigate the benefit of these
additional vdW contacts, a Z-double bond was introduced into
the side chain leading to 6, which was equipotent with 3.
Analysis of the structure of the complex of 6 with the domain
suggests that the enthalpic advantage expected from removing
the gauche interaction may have been attenuated because the
side chain of 6 makes fewer vdW contacts with the domain than
does that of 3. Moreover, there are two fewer interfacial water
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molecules mediating polar contacts in the complex of 6. The
binding energetics of 4 and 5 are identical, and the fact that
their binding enthalpies are more favorable than for 3 is
consistent with the observation that the side chains of 4 and §
each make more vdW contacts with the domain than 3. The
less favorable entropy of binding for these homologues relative
to 3 may arise from the entropic cost associated with binding
small molecules having the greater number of rotatable bonds
that accompany the addition of methylene groups.*® Like some
of our previous work,”® these studies show that changes in AC,
may not correlate well with differences in buried nonpolar
surface area for a series of related protein—ligand complexes.
Studies directed toward resolving some of the questions raised
by these investigations are in progress, and the results will be
reported in due course.
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