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The extent to which hydrophobic interactions contribute to
the stability of biopolymer folding patterns and biopolymer
ligand complexes is a topic of ongoing debhteWe are
approaching this problem by examining minimum increments
of hydrophobically induced folding in small molecules. In
principle, such systems allow one to know which surfaces are
buried in the folded state and, since the network of conforma-
tion-directing forces is relatively simple, to identify the forces
responsible for folding. The folding model system approach is
complementary to two more commonly employed methods for
evaluating minimum hydrophobic increments: site-directed
protein mutagenesisand aqueous/nonpolar partitioning of small
solutest? Interpretation of mutagenesis data can be hampered
by the extensive cooperativity among the noncovalent forces
that underlie protein tertiary structure. Interpretation of parti-
tioning data can be ambiguous because of variation in the
nonaqueous component and because of the lack of structura
insight on solute-solvent interactions.

NMR spectroscopy is powerful for assessing solution con-
formation, but it is often difficult to use NMR to quantify small
molecule folding equilibria, because most forms of molecular
flexibility lead to conformationally averaged signals. This
limitation prevented quantitative analysis of model systems we
have previously examinedld This difficulty can be overcome
by the “slow rotation strategy”: two interacting sites are
separated by a linker containing a bond that rotates slowly
enough to allow direct NMR observation of two rotamer
populations but rapidly enough for equilibratidnideally, the
interacting sites would make contact in only one rotamer. Here
we use the slow rotation strategy to evaluate minimum incre-
ments of hydrophobic interaction (compountds?).

Our design is illustrated in Scheme® 1The tertiary amide
C—N bond provides the slow rotation. Carboxylates, required
for aqueous solubility, are placed on both of the amide nitrogen’s
substituents, in order to reduce solvation differences between
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E andZ rotamers. Any residual rotamer solvation difference
is presumably constant amodg—7a* Molecular mechanics
calculations (AMBERé/MacroModef 5.0; GB/SA aqueous

o Ar 1, Ar = phenyl
’( 2, Ar = p-methylphenyl
N 3, Ar = p-ethylphenyl
(99X g, : = p—isr?pror)“lpheryl
Series a, X = Na ©%2 5, Ar = p-phenylpheny
. - 6, Ar = p-cyclohexylphenyl
Series b, X = CHy 7, Ar = 2-naphthyl

lSolvation; calculations conducted on carboxylic acid forms)
indicated that the distal edge of the phenyl side chaih cén

just reach the naphthyl surface in low eneEgonformers and

that hydrocarbon surface afeéurial in these conformers
increases with para substitution on the phenyl gro2p6).
Monte Carld and Monte Carlo/stochastic dynanfi¢@MCSD)
analysis o and7 (separate MCSD runs fd& andZ rotamers),
using the GB/SA model for aqueous solvation, indicated that
the most highly populated conformation in each case i€an
rotamer with the naphthyl and aryl (biphenyl or naphthyl) groups
clustered!! These structures are quite similar to the solid state
conformations of diestersb and7b (Figure 1). In contrast to
the naphthyl-aryl clustering observed for tRerotamers, no
direct contact between the naphthyl and aryl groups was
observed for th& rotamers ob or 7 in the MCSD runs; similar
observations were made far 2, and4. Monte Carlo simula-
tions indicate that direct contact between the naphthyl and aryl
groups of1—7 would require substantial twisting about the
amide C-N bond (26-30°). These computational results
suggest that there is little or no contact between aryl and naph-
thyl groups of theZ rotamers in the real moleculds—7a.1?
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Figure 1. (a) Solid state conformation of dimethyl esfdr (E rotamer).
(b) Solid state conformation of dimethyl esté (E rotamer).

Table 1
structure  Kgz (D20)2 AAGgz (D20; vs1a) Kez (CDCly)P
1 14 15
2 1.8 —0.15 kcal mol 1.7
3 2.0 —0.21 kcal/mol 1.7
4 2.5 —0.34 kcal/mol 1.6
5 3.9 —0.61 kcal/mol 1.6
6 3.0 —0.45 kcal/mol 1.6
7 2.9 1.6

aE:Z ratio for dicarboxylates (series a) measured by NMR y©0D
at 298 K. Values fola—3aand7aat 1 mM; values fodla—6aat 0.5
mM; control experiments indicated minimal aggregation under these
conditions (see Supporting Information). For all compounds except
5a and 7a, Kgz was measured independently from two or more
resonances. Estimated uncertaity.2. E:Z ratio for dimethyl esters
(series b) measured by NMR in CDCIEstimated uncertainty +0.1.

TheE:Z ratios in Table 1 were measured foa—7ain dilute
D0 solution and for diestersb—7b in CDCl3, by integration
of well-resolvedH NMR resonances. (Control experiments
indicated that there is little or no aggregation of dicarboxylates
la—7ain DO at the concentrations at which tBeZ rotamer
ratio measurements were madg.Most of the dicarboxylates
and diesters were also subjected to NOESMhalysis. Side-
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chain phenyl, however, causes B ratio to increase. The
variation inE:Z rotamer ratios amongja—7ain D,O appears

to represent a hydrophobic effect, because the diester analogues
1b—7b all display very similarE:Z ratios in CDC}. Further,

the E:Z ratio for 1ain D,O is similar to that for the analogous
dimethyl ester1lb, in CDCl.

The E:Z ratio measured by NMR can be converted\Geg;
in the usual way.AGgz is not exactly equal to the naphthyl-
aryl interaction energy, because the covalent skeleton is not
sufficiently rigid to enforce naphthyl-aryl contact in tHe
rotamers (as indicated by the tvio substates in Scheme 1),
and because the covalent skeleton may not allow optimal
naphthyl-aryl juxtaposition. Neverthelegsiez should provide
a useful comparative indication of the energetic consequences
of bringing the aryl and naphthyl groups together. These
consequences are expected to include (but are not necessarily
limited to) a favorable contribution from hydrophobic surface
desolvation and an unfavorable contribution from conforma-
tional entropy. This latter component would arise from restric-
tion of motion about the several bonds with low torsional
barriers, as a result of naphthyl-aryl contact. HZ ratio of
1.4 observed fotain D,O indicates a slight preference for the
E rotamer that is apparenthot a hydrophobic effect, since the
E:Z ratio of diesterlb in CDCl; is indistinguishable. We
therefore subtracAGgz for 1a from the AGgz values for2a—
6ato generate thAAAGgz values;AAGgz should be related to
the energetic contribution to folding that results from interaction
between the para substitutents on the phenyl rings (R in Scheme
1) and the naphthyl group.

Our system can reliably detect differences among R-naphthyl
interactions that cause variationsKaz of >0.4. Conclusions
drawn from Table 1 differ substantially from those drawn from
thermodynamic parameters for transfer of simple hydrocarbons
from the pure liquid phase to dilute aqueous solution at@5
AG for transfer of toluene is 0.8 kcal/mol more favorable than
for transfer of ethylbenzené,while the E:Z rotamer ratios of
2aand3aare indistinguishable (the drive for folding provided
by the methyl-naphthyl and ethyl-naphthyl interactions differ
by <0.2 kcal/mol in Gibbs free energy)AG for transfer of
benzene to aqueous solution is 2.1 kcal/mol more favorable than
for transfer of cyclohexan®®, but the p-phenyl group of5a
promotes foldingmore stronglythan does the-cyclohexyl
group of 6a. This result may reflect differences in the
conformational preferences about the pherphenyl bond of
Sarelative to the phenytcyclohexyl bond obaor an intrinsic
affinity of one aromatic group for anothét.

We have identified a versatile model system that allows
guantitative evaluation of small increments of hydrophobic

chain naphthyl NOEs were observed for only one rotamer, which contact in aqueous solution. This type of minimal hydrophobic
was assigned ak. These assignments were supported by clustering has thermodynamic consequences that differ sub-
consistent trends among the chemical shifts of protons commonstantially from those of nonpolar-to-aqueous transfer of small
to all compounds (the protons and 5 to the nitrogen), for hydrocarbons. Hydrocarbon phase transfer may be a good
dicarboxylateda—7ain D,O and for diesteréb—7b in CDCls. model for the complete surface burial experienced by an amino
Further support for the rotamer assignments came from dis- acid side chain in the core of a large prot&iut our model
solution of the crystalline diestefb and7b in CDCl; at low system is probably more relevant to the clustering of side chains
temperature: only resonances previously assigned toEthe at or near the surface of a native protein or the packing of a
rotamers were observed initially, as expected from the crystal hydrophobic ligand against a biopolymer surface. The approach
structure (Figure 1). Resonances previously assigned td the we have employed should allow examination of a wide range

rotamers appeared upon warming.
For compoundla, with just a phenylmethyl group as side
chain, the preference for the rotamer is very modest (Table

1), which was expected since computer modeling indicated that

of noncovalent interactions that are thought to be important to
biopolymer structure and function.
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