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The cation-r interaction plays an important role in protein
structure, binding, and catalytic functién.Despite numerous
studies of the energetics of the catiom interaction in synthetic
host-guest systemsits energetic value in biological systems is
less well understootl. The measurement of catietxr energies
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Scheme 1.Schematic Representation of Homoleucine (A) and
S-Methylmethionine (B) at Position 74 in an Aromatic Cavity
of SNase
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It is a convenient system in which to examine the catian
interaction because of the cavity formed in its hydrophobic interior
by a triad of aromatic residues, PhePhe®, and Ty?’. This

by conventional site-directed mutagenesis is complicated by the cavity is partly occupied by a valine residue whose side chain
absence of naturally occurring positively charged isosteres of extends toward the three rings; the distance from side chain to
neutral amino acids; nonisosteric replacements introduce perturba-any one ring is 45 A. The aromatic triad, a substructure of the
tions that are difficult to quantify or subtract out. Consequently, five-strandB-barrel which forms the major hydrophobic core of
we have used unnatural amino acid mutagemesth an isosteric SNase, has been studied by alanine replacement mutagenesis,

pair of unnatural amino aciél$o quantify the energetic contribu-
tion of an engineered catienr interaction in the interior of

which showed that all three aromatic side chains interact to make
an important contribution to overall protein stability.

staphylococcal nuclease (SNase) to overall protein stability. A To engineer a catioar system in SNase, V&lwas replaced
hydrophobic pocket composed of two phenylalanine side chainswith a positively charged unnatural amino aci&methyl-
and one tyrosine side chain is occupied in wild-type (WT) SNase methionine (S-MeMet). The trisubstituted sulfonium group of

by Val™* (Scheme 1§. This neutral valine residue was replaced
with the cationic residu&methylmethionine using suppressor
tRNA methodology (Scheme 1B). The neutral isostere of

S-MeMet is sterically analogous to the neutral isopropyl func-
tionality of valine® however, to preveng-elimination of the
sulfonium group, S-MeMet contains a two-carbon linker between

S-methylmethionine, homoleucine, was also incorporated into the backbone € and the sulfonium moiety. Modeling with

position 74 for purposes of comparison (SchemeéAl, The

X-PLOR? indicates that this linker positions the sulfonium group

thermodynamic stabilities of the two mutants (which have near within cation—xr radius® of the aromatic rings. The S-MeMet
wild-type catalytic parameters) as well as the difference in agueousamino acid was synthesized by S-methylatioMNafitroveratryl-

solvation energies of th&methylmethionine and homoleucine
side chains were measured. An upper limit of 2.6 kcal thol
was obtained for the energy of the engineered catiomterac-

oxycarbonyle-methionine cyanomethyl ester with methyl triflate
in CH.Cl,. The sulfonium salt was characterized y NMR
and mass spectrometry and confirmed to be stable in both

tion in SNase, in the absence of significant differences in packing hydrophobic and aqueous media at physiologicatpAhe Vaf*

interactions for the two mutant proteins.
SNase is a 149 amino acid €adependent enzyme that
hydrolyzes DNA and RNA to give'3nono- and dinucleotides.
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Table 1. Relative Thermodynamic Stabilities of Proteins homoLeu mutants of 3.33 kcal mdlor less, the exact value
Containing Homoleucine an8-Methylmethionine and Their Kinetic depending on the degree of water exposure of side chain 74 in
Constants the denatured state.

protein Kmd Vma® Ci®  Mourc!  AAGh,0° The energy of the engineered catiam interaction can be
WT 107 081 069 1.00 211 estimated by subtracting AG°(solvation) (of Ac-[S-MeMet]-
Val 74— homoLeu ) 123 0.69 036 1.07 0 OMe relative to Ac-homoLeu-OMe) froMAG°(U—F) (of the
Val 74— S-MeMet @) 139 048 041 069 —0.73 Val™ — S-MeMet mutant relative to the Vidl— homoLeu

mutant) to obtain a value of 2.6 kcal mél This represents an
upper limit to the contribution of the engineered cation
interaction to the stability of folded SNas# the difference in

aKm is expressed in units aig/mL. The kinetic constants were
obtained by measuring the change in absorbance at 260 nm with varying
amounts of single-stranded calf thymus DNA-80 ug mL™1%) in 10

mM Ca* and 40 mM sodium glycinate, pH 9.9 at 28. ° Vpay is van der Waals forces between the sulfonium mutant and its neutral
expressed in units of A xg~* min~L. ¢ Midpoint concentration of isostere are minimal in the folded proteins. Both the S-MeMet
GUHCI in molarity.9 Slope of the line fitted to lod<app VS [GUHCI] and homoLeu side chains could be modeled into the hydrophobic

plot. Units are relative to the wild type in vitro expressed protein which core of SNase using X-PLOR without significant perturbations
is normalized to 1.00% AAGY%,0(U—F) is expressed in units of kcal o the gromatic side chains of PHePhe®, and Ty?”. Nonethe-
mol~t. A negative value denotes decreased stability relative to thé Val less, given the decrease in the stability of the homoLeu mutant
— homoleu £) mutant. relative to WT SNase, and the slightly larger&" vs C—C bond
length, it is possible that tAG°(U—F) value of 0.73 kcal mot
does include a contribution froMAG°(F) (van der Waals). If
this is the case, the energy of the cationinteraction is greater
than 2.6 kcal moi* by the value oAAG°(F) (van der Waals}?2°

The value of 2.6 kcal mot measured here can be compared
to those obtained from other studies of cationenergetics in

assay’® and theK, and V., parameters are reported in Table 1.
Because the values are similar to those of WT SNase, the
S-MeMet and homoLeu substitutions most likely do not signifi-
cantly alter the overall structure and function of the enzyme.
The thermodynamic stabilities of WT SNase, the ¥at

S-MeMet mutant, and the V&l — homolLeu mutant were ‘ X X
determined by measuring the5°(U—F), or free energy difference both synthetic hostguest and biological systems. For example,
between unfolded and folded proteins, by the fluorescence POUgherty and co-workers measured a minimum value of 2.5

guenching method of Shortle and Meeker (Table'é1)The kcal m'ol'1 for the cation- interaction between a synthetic
AG°(U—F) of the homoLeu mutant is smaller than that of WT aromatic host and a pyridinium guéstand Schneider and co-

SNase by 2.11 kcal mol, probably reflecting the entropic and workers estimat_efd a catien bin(_jing energy of 0.5 kcal mot
steric price of replacing V&t in the folded protein with a side ~ P€tween a positively charged lipophilic host and each phenyl

chain that is two methylene units longer. The energetic difference 9r0UP Of an aromatic guest to which it was complexedn a
between the folded and unfolded S-MeMet mutax&°(U—F) study involving the protein ba(nase, mutagenesis experiments were
(Val™® — S-MeMet), is 0.73 kcal mof less than the correspond- used to determine that a HisHrp g:at|on—;r |ntera9t|on was

ing difference for the homoLeu mutamAG°(U—F) (Val™® — yvorth 1.4 kcal m(_)Tl relative to the dlff(_arentlal solvation energy
homoLeu). This value represents the contributions of several In Water:? The difference between this value and that obtained
factors, including van der Waals interactions, solvation effects, " the SNase system may reflect differing degrees of solvent

conformational entropy, and electrostatic terms (including the accessibility of the cationic amino_ acids in the folded prote_ins as
cation— interaction). A number of these factors probably make Well as the nature of the aromatic groups. Thus the cation
negligible contributions; for instance, in the unfolded form of mteraé:ﬂon can contribute significanttyn the order of a hydrogen
SNase, the differences in van der Waals and electrostatic Pond*—to the overall stability of proteins.

interactions between the Vil S-MeMet mutant and the VA ) ) ) )

— homoLeu mutant are likely to be small if the side chain of Acknpwledgmgnt. Financial support for this work was provided by
residue 74 is solvent-exposed and involved in minimal hydro- f:‘e Na(;uolgal A”St'tk‘ﬁteg. Ofl I—I|ea|_th (Glrant No. GM49d220)WP'(|\3/|'SkIS|?
hobic packing and electrostatic interactions with the rest of the HoWard Hughes Medical Institute Investigator and a W. M. Kec
Srotein pThe c?)ntribution of conformational entropy.G°(U— ]Icz?lundart]t_lon Investigator. A.Y.T. is supported by an NSF predoctoral

. ! K L. k ellowsnip.
F) is also likely to be negligible because the conformational P
flexibilities of the side chains of the two mutants are comparable JA981520L
due to their isosteric nature. Thus the measured difference in

the stabilities of the V&t — S-MeMet mutant and the V&I— (18) Since the side chain of residue 74 is likely to be solvent-exposed in
. . . the unfolded form of SNase, the difference in aqueous solubility between
homoLeu mutant mostly reflects the differential cationand homoleucine an@&methylmethionine side chains provides an estimate of the

van der Waals interactions in the folded proteins and the energetic difference between the unfolded forms of the homoLeu- and

i ; i iag i ; S-MeMet-containing proteins. The partition coefficie®sfor Ac-[SMeMet]-
differential solvation energies in the unfolded protein forms. The OMe and Ac-homoLeu-OMe were determined o be 0.02 and 6.07. respec-

magnitude of the latter term can be approximated by the octanol ijvely, as measured by analytical reverse-phase HPLC with 210 nm amide-
water partition coefficients for the side chains oB-methyl- bond detection. SincE is related to the free energy change in passing from
methionine and homoleucine which are 0.02 and 6.07, respec-2gueous solvation to octanol solvation, 8&° (solvation), by the equation

tively.'® This gives an estimate for the energetic difference 3A§3 iC;FnLI,?;P’ the AAG? (solvation) of S-MeMet relative to homoLeu is

between the unfolded forms of the Vat S-MeMet, Val* — (19) We assume that if there is a difference between the van der Waals
interactions in the S-MeMet and homoLeu-containing mutants, then the side
(15) Cuatrecasas, P.; Fuchs, S.; Anfinsen, Cl.Biol. Chem1967, 242, chain with the larger van der Waals radius, S-MeMet, destabilizes the folded
1541-7. form of the protein more than the side chain with the smaller radius.
(16) Shortle, D.; Meeker, A. KProteins: Struct. Funct. Ger1986 1, 81. (20) It is also important to note that in the absence of crystallographic data,
The denaturation experiments were performed in triplicate in 50 mM sodium it is not possible to determine whether the engineered catioimteraction
phosphate, 100 mM sodium chloride, pH 7.0 at 23. The apparent in SNase is mono-, di-, or tridentate, and therefore whether the value of 2.6

equilibrium constantiapp for reversible denaturation, assuming a two-state  kcal mol* should be divided by two or three to give 1.3 kcal mabr 0.87
model, was determined for a series of GUHCI concentrations using the equationkcal mol™, respectively, for the energetic value of the catianinteraction.

Kapp = (In — D/(I — 1g) wherel is the measured intrinsic fluorescence of (21) (a) Kearney, P. C.; Mizoue, L. S.; Kumpf, R. A.; Forman, J. E.;

Trp'*, 1, is the extrapolated value of fluorescence for the native statelqand ~ McCurdy, A.; Dougherty, D. AJ. Am. Chem. S0d 993 115 9907-19. (b)

is the extrapolated value for the denatured state. To olt&ino(U—F) and Schneider, H.-J.; Schiestel, T.; Zimmermann)JPAm. Chem. S0d992 114,

Mauncl, @ straight line was fitted to 10Kapp versus [GuHCI] by using a linear 7698-703. (c) Schneider, H.-Lhem. Soc. Re 1994 227-34.

least-squares method. From this plot was extrapolated the valdg,oat (22) Loewenthal, R.; Sancho, J.; Fersht, A. R.Mol. Biol. 1992 224,

[GUHCI] = 0, and AGh,0o(U—F) was determined from the equatisyG = 759-70.

—RTIn Kapp (23) (a) Koh, J. T.; Cornish, V. W.; Schultz, P. Biochemistry1997, 36,
(17) (a) Collander, RActa Chem. Scand 951, 5, 774-80. (b) Craig, L. 11314-22. (b) Dill, K. A. Biochemistryl99Q 29, 7133-55, and references

C. Anal. Chem195(Q 22, 1346-52. therein.



