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The reverse op-turn is a common structural element in

proteins that facilitates folding by reversing the direction of the

polypeptide chain. Becaugketurns are frequently found at the

protein surface and are comprised of mostly polar residues,
they are widely believed to act as molecular recognition sites

for many biological process@sS-Turns involve four residues
with a distance o7 A between thex carbons of residuess

andi + 3, and are classified into different types depending on

the backbone torsional angles of residies 1 andi + 2.3

Several solid state and solution studies have suggested that th

hydrogen bond between the carbonyl group of residaed
the NH group of residué+ 3 may not contribute as much to

the overall stability of proteins as the analogous hydrogen bonds

in B-sheets andi-helixes®®* To investigate the energetics of
hydrogen bonds i-turns, we have determined the difference
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Scheme 1.Schematic Representation of Leucic Acid
Incorporation at Position 84 in a&Turn of SNase
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barrier®8 However, this substitution results in a decrease in the
basicity of the carbonyl oxygérand a concomitant decrease in
the strength of the @-HN;+3 hydrogen bond. Because the
backbone NH group of Ly is solvent-exposed, the substitution
of this group by oxygen is not expected to significantly affect
the overall protein stability.

The ester-containing protein was synthesized in vitro using
a SNase gene containing an amber codon at position 84 in the

resence of suppressor tRNA derived frencoli tRNAAS" that

as chemically acylated with 6-amino-2-hydroxyhexanoic
acid®a lysine isostere. SNase was expressed with a C-terminal
hexahistidine tal12 and purified to homogeneity by nickel
affinity column chromatographi?z The suppression efficiency
of 6-amino-2-hydroxyhexanoic acid was less than 5% in a large-
scale in vitro protein synthesis reaction, affording inadequate

in stabilities of staphylococcal nuclease (SNase) and a mUtantquantities of purified protein for biophysical studies. We

in which the amide group at residuef a -turn is replaced
with an ester group.

Residues 8386 of SNase form a solvent-exposed type |
B-turn betweerg-strands 4 and 5. The carbonyl oxygen of
Asp?3 is intramolecularly hydrogen-bonded to the amide NH
of Gly®® as illustrated in Scheme?®.The side chains of the
+ 1 andi + 2 residues of the turn, L§$and Tye5, form
hydrogen bonds with the'-phosphate of the inhibitor in the
protein—inhibitor complex. To estimate the energetic contribu-
tion of the hydrogen bond between A3@nd GIy® to overall
protein stability, the backbone amide linkage between8Asp

therefore attempted in vitro suppression with leucic acid, a
leucine isostere, since hydrophobic amino acids are generally
incorporated in higher yield than hydrophilic orésindeed,

the efficiency of incorporation of leucic acid was-2B5% at

8.8 mM Mg(OAc).15 As a control, the natural mutant, L§$é

— Leu, was also prepared by in vitro synthesis.

To measure the difference in stabilitietAAG®4,0) of the
mutants, an apparent equilibrium constant for denaturaiggp, (
Table 1) was determined with purified proteins by monitoring
the intrinsic fluorescence of the single tryptophan residue at
position 140 as a function of denaturant concentration (Figure

and Ly$* was replaced with an isosteric ester linkage using 1).!6 The value ofKgap, Was extrapolated to a denaturant

unnatural amino acid mutagenesis, which allows the site-specific concentration of zeraAG°4,0 is given by the equatioAG®

substitution of amino acid side chafas well as polypeptide
backboneg. The ester bond, like the amide bond, favors the
trans conformation and has a significaois—trans rotational
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Table 1. Relative Thermodynamic Stabilities of Proteins
Containing Amide and Ester Backbone Linkages and Their Kinetic
Constants

protein K Vma® Cn® Moyl AAGuH®
wWT 107 0.81 0.69 1.00 0.62
Lys84— Leu (A) 159 042 059 1.02
Lys84—leucicacid B) 190 0.38 0.30 125 -—-155

aKm is expressed in units gig/mL. The kinetic constants were
obtained by measuring the change of absorbance at 260 nm with varying
amounts of single-stranded calf thymus DNA-B0 xg/mL) in 10 mM
Ca&" and 40 mM sodium glycinate at pH 9.9V is expressed in
units of Aged/(ugmin). ¢ Midpoint concentration of GUHCI in molarity.
4 Units are relative to the wild-type in vitro expressed (WT) which is
normalized to 1.00° AAGu,0 is expressed in units of kcal/mol. A
negative value denotes decreased stability relative to th¥ tyd.eu
mutant.
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Figure 1. Denaturation plots of lo¢ap, Versus guanidinium chloride
concentration for the following SNase protein®) (wild-type; ()
Lys 84— Leu (A); (O) Leu 84— leucic acid B).
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overall protein stability by 0.62 kcal/mol and results in a 2-fold
decrease iVnax These results suggest that the $ys- Leu
mutation does not significantly affect the overall structure of
the protein. The catalytic activity of the L#u— leucic acid
mutant is almost identical with that of the corresponding amide-
containing mutant Ly® — Leu, suggesting that the leucic acid
substitution, like the leucine substitution, does not result in a
significant structural perturbation (Table 1). Substitution of
Lew? by leucic acid results in a decrease in protein stability by
1.55 kcal/mol, indicating that this reverse turn hydrogen-bonding
interaction contributes significantly to the overall stability of
the protein.

This value of AAG°y,0 reflects the energetic differences

Communications to the Editor

molecules in the unfolded proteins. The latter value can be
estimated from the difference in the wat@rctanol partition
coefficients ofN-methylacetamide and methyl acetateAG®

—1.7 kcal/mol)l” which provides an upper limit to the
difference in solvation energies of the ester and amide bonds.
On this basis, the difference in the strength of the backbone
amide and ester hydrogen bonds is less than or equal to 3.25
kcal/mol in favor of the amide.

This study can be compared to similar experiments involving
related substitutions of amides by esters in other protein
secondary structures, such Asheet¥ and o-helixes!® The
corresponding main chain amide-to-ester substitution in an
internal 3-sheet of SNase (Léti— leucic acid) destabilized
the protein by 2.5 kcal/mol, while the same substitution near
the N-terminus of 83-sheet (Let? — leucic acid) decreased
protein stability by 1.5 kcal/md# Leu’? and Le§* appear to
be in similar hydrophilic environments, and mutation of each
to the corresponding-hydroxy acid destabilizes the protein to
the same degree. This result suggests that the energetic
contribution of the backbone hydrogen bond in this typetlirn
can be very similar to that of main chain to main chain hydrogen
bonds in antiparallgB-sheets. ThAAG® value for thes-turn
in SNase can also be compared to the value of 1.6 kcal/mol
which was obtained from a similar amide-to-ester substitution
in a peptide3-turn mimeticl® again showing good agreement.

The energetic contributions of backbone hydrogen bonds in
o-helixes to overall protein stability have been studied in T4
lysozymel® Mutation of an amide group to the corresponding
ester group at the N-terminus (L¥u— leucic acid) and
C-terminus (ll&€° — isoleucic acid) of aru-helix, where only
one hydrogen-bonding interaction is perturbed (the carbonyl and
NH groups, respectively), resulted in destabilization of the
protein by 0.9 and 0.7 kcal/mol, respectively. The decreased
energetic contribution of the-helical hydrogen bonds relative
to those in aB-sheet org-turn may be a result of increased
solvent accessibility to the-helix backbone or electrostatic
effects associated with the-helix dipole. Altogether, these
studies suggest that backbone hydrogen-bonding interactions in
the three major secondary structures commonly found in protein
structures can contribute significantly to the overall stability of
proteins.
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between the amide interactions in the folded and unfolded statestoral fellowship.

and the ester interactions in the folded and unfolded states. If
structural perturbations are insignificant and both the amide NH
and ester O groups are solvent-expos&AG°qps is largely

determined by two factors: (1) the different strengths of the
hydrogen bonds formed by the amide and ester in the folded

proteins and (2) the energetic differences between the interac-

tions of the amide and ester carbonyl groups with water
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