
J. Am. Chem. Soc. 1995,117, 9361-9362 9361 

Analysis of Hydrogen Bonding Strengths in Proteins 
Using Unnatural Amino Acids 

Jon S. Thorson, Eli Chapman, and Peter G. Schultz* 

Howard Hughes Medical Institute 
Department of Chemistry, University of California 

Berkeley, California 94720 

Received March 20, 1995 

Although hydrogen bonds clearly play an important role in 
determining the secondary and tertiary structure of proteins,1 

the magnitude of their contribution to protein stability has been 
difficult to assess.2 Values of hydrogen bond stabilization have 
been determined from mutational studies in which one member 
of a hydrogen bonded pair is deleted.3 One concern in all such 
mutational studies is the possibility of introducing additional 
destabilizing interactions such as poor solvation of the remaining 
hydrogen bonded partner or decreased side chain packing 
interactions. In an effort to minimize the steric/electronic 
perturbations associated with these substitutions, we have 
independently mutated each member of both the Tyr27-Glu'° 
and Tyr93-Glu75 hydrogen bonded pairs in Staphylococcal 
nuclease (SNase) to an isosteric group with weak hydrogen 
bonding character, i.e., GIu — y-nitro-L-glutamate and Tyr — 
p-amino-L-phenylalanine. The free energies of denaturation of 
these mutants are compared with those of mutants in which the 
tyrosine hydroxyl group is removed (Tyr — Phe) or replaced 
with a repulsive lone pair—lone pair interaction (Tyr —* p-fluoro-
L-phenylalanine). 

Tyr27 and Tyr93 are located in the five-stranded /J-barrel of 
SNase and participate in an intramolecular hydrogen bond 
between the side chain hydroxyl group and the carboxylate side 
chain of GIu10 and GIu75, respectively.4 The side chains of Tyr27 

and GIu10 are partially solvent exposed, while the side chains 
of Tyr93 and GIu75 are buried within the protein core. Since 
the nitro group has been shown to have poor hydrogen bonding 
ability compared to the isosteric carboxylate group,5 y-nitro-
L-glutamate (2) was substituted for GIu10 and GIu75. Similarly, 
the weakly acidic aromatic amino group of p-amino-L-phenyl
alanine (3) (pATa ~ 18) should be a poor hydrogen bond donor 
when compared with the hydroxyl group of Tyr27 or Tyr93.6 

Incorporation of amino acids 1—6 (Chart I)7 was accomplished 
by in vitro suppression of the corresponding amber mutants with 
a chemically aminoacylated suppressor tRNA derived from yeast 
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was synthesized by converting 2,3,4,5,6-pentafluorobenzyl alcohol to the 
corresponding bromide with HBr. The bromide was subsequently coupled 
with diethyl acetamidomalonate, followed by hydrolysis, to give the 
corresponding racemic amino acid HBr salt. Although many of the 
precursors to the unnatural amino acids used for this study were racemic, 
previous studies indicate that only the L-amino acid is incorporated by in 
vitro suppression (D. Mendel, unpublished material). 

Table 1. SNase Tyr27-Glu10 and Tyr93-Glu75 Hydrogen Bond 
Variants and the Experimental Thermodynamic Stabilities and 
Kinetic Constants of the Resulting Enzymes 

amino acid 

Tyr27 - 1 
G I u ' 0 - 2 
Ty r 2 7 -3 
Tyr27 - 4 
Tyr27 - 5 
Tyr27 — 6f 
Tyr93 - 1 
GIu75 - 2 
Tyr93 - 3 
Tyr93 — 4 
Tyr93 - 5 
Tyr93 — (? 

C o 

0.49 
0.50 
0.59 
0.39 
0.31 
0.77 
0.63 
0.55 
0.63 
0.43 
0.34 
0.77 

'"QuHCl'' 

0.92 
0.98 
0.80 
0.90 
0.87 
1.00 
0.89 
0.96 
0.80 
0.89 
0.86 
1.00 

AAGH,oc 

-1.26 
-1.79 
-1.87 
-2.66 
-3.35 

-1.39 
-1.96 
-1.78 
-2.56 
-3.13 

K * 

7.6 
14.6 
6.4 

10.1 
6.0 
9.0 
8.5 

10.6 
9.4 

14.1 
8.0 
9.0 

V ' 
v max 

6.8 
12.8 
5.3 

13.3 
5.8 
6.9 
6.3 

12.4 
5.3 

16.3 
7.3 
6.9 

" Midpoint concentration of GuHCl in molarity. * Units are relative 
to the wild-type in vitro suppressed value of 4.97 kcal mol -1 M"1 which 
has been normalized to 1.00.c AAGH2O is expressed in units of kcal 
mol"1. Negative values denote decreased stability with respect to WT 
suppressed 5. d Km is expressed in units of/^g mL"1. The assay mixture 
for kinetic determinations contained 40 mM sodium glycinate at pH 
9.9, 10 mM Ca2+, with varying amounts of single-stranded calf thymus 
DNA (7—50^g mL"1). ' Vmax is expressed in units of A260/<g"' min"1. 
f Reference 9b. 

Chart 1 

tRNAPhe.8 At 10 mM added magnesium acetate, the aromatic 
amino acids 1, 3—6 were incorporated with suppression ef
ficiencies ranging from 25% (5) to 60% (6). The glutamate 
analog 2 was incorporated with 10% suppression efficiency, 
consistent with earlier reports that small, highly charged amino 
acids have low suppression efficiencies.8 When tRNAcuA was 
omitted from the in vitro reaction or did not carry an amino 
acid, <1% full-length SNase was produced compared to 
expression of wild-type SNase by pKJSNl .9a Wild-type and 
mutant proteins were purified to homogeneity from 5.0 mL in 
vitro protein synthesis reactions.9 

All mutants in the present study have specific activities, Km, 
and Vmax values very close to those of wild-type SNase, 
indicating an absence of significant structural abnormalities in 
any of the mutants (Table 1). The Kapp values, an apparent 
equilibrium constant of denaturation, were determined with 
purified protein by monitoring the intrinsic fluorescence of the 
single tryptophan residue at position 140 as a function of 
guanidine hydrochloride concentration in 25 mM sodium 
phosphate, 100 mM NaCl, pH 7.0 aqueous buffer at 20 0C 
(Figure I).10 The values of m (Table 1), the rate of change of 
the free energy of denaturation with respect to the denaturant 
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Figure 1. (A) Denaturation plots of log Km versus guanidine 
hydrochloride concentration for the following SNase variants: (O) Tyr27 

— L-tyrosine (6); (A) Tyr27 — L-phenylalanine (1); (•) Tyr27 — 
p-amino-L-phenylalanine (3); (•) Tyr27 — p-fluoro-L-phenylalanine (4); 
(•) Tyr27 — 2,3,4,5,6-pentafluoro-L-phenylalanine (5); and (D) GIu10 

— y-nitro-L-glutamate (2). (B) Denaturation plots of log Kaw versus 
guanidine hydrochloride concentration for following SNase variants: 
(O) Tyr93 — L-tyrosine (6); (A) Tyr93 — L-phenylalanine (1); (•) Tyr93 

— p-amino-L-phenylalanine (3); (•) Tyr93 — p-fluoro-L-phenylalanine 
(4); (•) Tyr93 — 2,3,4,5,6-pentafluoro-L-phenylalanine (5); and (D) 
GIu75 — y-nitro-L-glutamate (2). 

concentration," are in relatively close agreement for wild-type 
and mutant proteins. 

Substitution of GIu10 or GIu75 with the nitro analog 2 
decreases the stability of SNase (AAGH2O) by 1.79 or 1.96 kcal 
mol-1, respectively. The nitro group, while an isosteric 
substitution for the carboxylate group, is a very poor hydrogen 
bond acceptor in such solvents as DMSO and CHCI3.5 Con-
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for reversible denaturation, assuming a two-state model, was determined 
for a series of GuHCl concentrations incremented in steps of 0.047 M by 
using the equation Km = (Zn - I)I(I - /a), where / is the measured intrinsic 
fluorescence, /„ is the extrapolated value of fluorescence for the native state, 
and Ii is the extrapolated value for the denatured state. To obtain AGH,O 
and OTGuHCi, a straight line was fit to log Ksp? versus [GuHCl] by using a 
linear least-squares method. From this plot, the value of Kapp at [GuHCl] 
= 0, was extrapolated, and AGH,O was determined from the equation AG 
= -RT In Afapp. 
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sequently, the value of AAGH2O is likely a very accurate measure 
of the strength of the Glu-Tyr hydrogen bond, with minimum 
perturbation from packing, entropy, or medium effects. Sub
stitution of either tyrosine hydroxyl with the weak hydrogen 
bond donating aromatic amino group (Tyr27 — 3, AAGH^O = 
-1.87 kcal mor1; Tyr93 — 3, AAGH,o = -1-78 kcal mol-1) 
leads to very similar decreases in protein stability. Since the 
lone pair of each tyrosine hydroxyl group does not appear to 
be involved in any interaction in the protein, this decreased 
stability again is largely associated with the substitution of a 
good hydrogen bonding group with a weak one. For compari
son, removal of the hydroxyl group from either Tyr27 or Tyr93 

leads to a decrease in protein stability of 1.26 or 1.39 kcal mol-1, 
respectively. Perturbing the hydrogen donor in the opposite 
direction, i.e., substituting the hydrogen bond with a repulsive 
lone pair—lone pair interaction, Tyr27 — 5 or Tyr93 — 5, 
destabilizes the protein by 2.66 or 2.56 kcal mol-1, respec
tively.12 

The stabilities of the GIu10 — 2 and Tyr27 —• 3 mutants were 
also determined at pH 5.0 and 9.5, respectively and compared 
to those of wild-type protein.13 The AAGH2O value for 2 
(AAGH2O = -1.75 kcal mol-1) at pH 5.0 is similar to that 
determined at pH 7.0, suggesting that the y-nitro group is present 
in neutral form at pH 7.0, as expected. A slight decrease in 
AAGH2O is observed for 3 (AAGH2O = —1.75 kcal mor1) at 
pH 9.5, indicating that a small amount of the protonated species 
may be present at pH 7.0. Comparison of the 2,3,4,5,6-
pentafluoro-L-phenylalanine (Tyr27 —* 5, AAGH2O = —3.35 kcal 
mol-1; Tyr93 — 5, AAGH2O = -3.13 kcal mol-1) mutants and 
the corresponding p-fluorophenylalanine mutants illustrates that 
aromatic substitution other than at the donor/acceptor interface 
contributes only an average of 0.16—0.18 kcal mol-1 per 
fluorine, indicating only minimal perturbation due to it effects. 

The AAGH2O values for the Tyr —* p-amino-L-phenylalanine 
and GIu — y-nitro-L-glutamate mutants are remarkably similar, 
despite the differences in local environment and the fact that in 
one case the hydrogen bond donor and in the other case the 
acceptor is being mutated. These results support the notion that 
intramolecular hydrogen bonds in folded proteins make a net 
favorable contribution of 1—2 kcal mol-1 to protein stability 
relative to the corresponding hydrogen bonds to solvent in the 
denatured state. Moreover, the similarity of the stabilities of 
the y-nitro-L-glutamate and p-amino-L-phenylalanine mutants 
to those of the Tyr — Phe mutants, in which the tyrosine 
hydroxyl group is deleted, suggest that the net perturbations 
associated with deletion of the tyrosine hydroxyl groups, other 
than the loss of the hydrogen bond, do not significantly affect 
protein stability. Thus, in this case, conventional mutagenesis 
provides a reasonable measure of intramolecular hydrogen bond 
strengths. 
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