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The analysis of substituent effects has proven an extremely 
valuable tool for the physical organic chemist in the study of 
the physical properties and chemical reactivities of small 
molecules. However, the use of substituent effects to study 
protein structure and function has been limited both by the 
constraints of the protein biosynthetic machinery and by the 
difficulties associated with the synthesis or semisynthesis of 
large proteins (> 10 kDa). W e now report the free energies of 
denaturation for a series of Staphylococcal nuclease (SNase) 
mutants in which the strength of a tyrosine—glutamate hydrogen 
bond has been modulated by varying the acidity of the tyrosine 
hydroxyl group using fluorine ring substitutions. These mutants 
were designed to determine the degree to which hydrogen 
bonding preferentially stabilizes the folded state of proteins 
while minimizing the perturbations resulting from the deletion 
of one member of a hydrogen-bonded pair . 1 2 A simple linear 
free energy correlation between A A G H 2 O of the mutant proteins 
and the pK& of the tyrosine hydroxyl group provides strong 
evidence that intramolecular hydrogen bonds in folded proteins 
can be more stable than the corresponding hydrogen bonds to 
water in the unfolded state. 

Tyr27 is located in the five-stranded /3-barrel of SNase and 
participates in an intramolecular hydrogen bond between the 
side chain hydroxyl group and the carboxylate side chain of 
GIu10.3 A series of fluorinated tyrosine analogs, 2-fluorotyrosine 
(1), 3-fluorotyrosine (2), and 2,3,5,6-tetrafluorotyrosine (3) 
(Ap# a

 = 4.5 pATa units), were substituted to Tyr27.4 Because 
of fluorine's relatively small size (van der Waals radius of 1.35 
A relative to 1.2 A for hydrogen),5 the steric perturbation relative 
to tyrosine should be minimal. Incorporation of the fluorinated 
tyrosine analogs 1—3, as well as 2,3,5,6-tetrafluoro-L-phenyl-
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Table 1. Amino Acids Incorporated at Position 27 of SNase and 
the Experimental Thermodynamic Stabilities and Kinetic Constants 
of the Resulting Enzymes 

amino acid 

1 
2 
3 
4 
5 
6 

pW 
9.3 
8.8 
5.3 

10.0 

C b 

0.82 
0.93 
1.03 
0.50 
0.58 
0.77 

«OuHClC 

0.94 
1.0 
0.99 
0.88 
0.92 
1.0 

AAGH2o
rf 

0.34 (0.5) 
0.99(1.15) 
1.59(2.23) 

-2 .1 
-1 .49 

0.0 

Km' 

6.0 
7.0 
5.0 
6.0 
7.6 
9.0 

v m a / 
7.1 
6.7 
6.8 
5.8 
6.8 
6.9 

" Due to the lack of a p/<fa determination for 2-fluorotyrosine, the 
large discrepancy (p£a 's ranging from 8.3 to 9.21) among p/fa 

determinations for 3-fluorotyrosine,12 and the very close relationship 
between the hydroxyl pKa of tetrafluorotyrosine (pAfa = 5.4)13 and 
tetrafluorophenol (pA, = 5.3)u and between that of tyrosine (pATa = 
10.07)15 and phenol (p/fa = 9.95), the pKa values adapted for this 
discussion are based upon the determined values of fluoro-substituted 
phenols.16 * Midpoint concentration of GuHCl in molarity.c 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. d AAGH2O is expressed in units 
of kcal mol -1 . The values in parentheses correspond to corrections 
applied from the comparison of 2,3,5,6-tetrafluorophenylalanine and 
phenylalanine substitutions. Positive values denote increased stability 
with respect to wild-type suppressed 6. ' Kn, is expressed in units of 
fig 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 fig mL - 1 ) . { 

'mux IS 

expressed in units of A2m fig'1 min"1. 

Scheme 1. Amino Acid Substitutions for Tyr27 
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alanine (4), L-phenylalanine (5), and L-tyrosine (6), at position 
27 of SNase was accomplished by in vitro suppression of a 
Tyr2 7 —* T A G stop mutation with a chemically aminoacylated 
suppressor tRNA derived from yeast tRNAP h e .6 At 10 m M 
added magnesium acetate, amino acids 1—6 were incorporated 
with suppression efficiencies ranging from 15% (2 and 3) to 
60% (6). In contrast, when tRNAcuA was omitted from the in 
vitro reaction or did not carry an amino acid, less than 1% full-
length SNase was produced compared to expression of wild-
type SNase by pKJSNl . 7 Mutant SNases were purified to 
homogeneity from 5.0 m L in vitro protein synthesis reactions.7 

All mutants in the present study have specific activities, Km 

values, and Vmax values within experimental error of those of 
wild-type SNase, indicating an absence of significant configu-
rational abnormalities in any of the mutants studied (Table I ) . 7 

The ATapp's, 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 denaturant concentration.8 The values of m (Table 
1), the rate of change of the free energy of denaturation with 
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Figure 1. (A) Free energy plot for the stabilization of SNase by increasing 
the acidity of the proton donor in the Tyr27—GIu10 hydrogen bond pair. 
The slope of the line (a) through the data is 0.35. (B) Denaturation curves 
for SNase variants containing the following amino acids at position 27: 
(D) 2,3,5,6-tetrafluoro-L-phenylalanine (4); (O) [.-phenylalanine (5); (•) 
L-tyrosine (6); (O) 2-fluoro-L-tyrosine (1); (A) 3-fluoro-L-tyrosine (2); and 
(•) 2,3.5,6-tetrafluoro-L-tyrosine (3). 

respect to the denaturant concentration (which is approximately 
proportional to the difference in solvent accessible surface area 
between the denatured and native states),9 are in close agreement 
for the fluorotyrosine mutants, indicating that 1—3 are isosteric 
with Tyr. The variance of m from wild-type protein found for 
the phenylalanine derivatives 4 and 5 suggests that volume or 
hydrophobic corrections may be required for correct interpreta
tion of these substitutions relative to wild-type protein. 

The change in stability of the mutant proteins, AAGH2O, 
increases with fluorine substitution, the Tyr27 —* tetrafluoroty-
rosine (3) mutant being some 1.59 kcal mol-1 more stable than 
wild-type SNase. In order to determine whether this effect is 
associated solely with increased acidity of the tyrosine hydroxyl 
group, and concomitant increased hydrogen bond strength,10 or 
whether other steric/electronic perturbations contribute, the 

(8) The denaturation studies were performed in triplicate in 25 mM 
sodium phosphate, 100 mM sodium chloride, pH 7.0, according to the 
procedure of Shortle and Meeker with a Perkin-Elmer LS-5B luminescence 
spectrometer.11 Protein concentrations used in the denaturation measure
ments were 6 ^g mL"1. The apparent equilibrium constant, £app, 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 K^ = /n — I)I(I — h) where / is the measured intrinsic 
fluorescence, /„ is the extrapolated value of fluorescence for the native state, 
and h is the extrapolated value for the denatured state. To obtain AGH2O 
and mouHCi, a straight line was fitted to log £apP versus [GuHCl] by using 
a linear least-squares method. From this plot was extrapolated the value 
of £app at [GuHCl] = 0, and AGH2O was determined from the equation AG 
= -RT In Kapp. 

(9) Dill, K. A.; Shortle, D. Annu. Rev. Biochem. 1991, 795. 

relative stabilities of the Tyr27 —* Phe and Tyr27 — tetrafluo-
rophenylalanine (4) mutants were compared. The Tyr27 — 4 
mutant is destabilized by 0.64 kcal mol-1 with respect to 5, 
affording a correction factor of 0.16 kcal mol-1 per fluorine 
substituent, which translates to an overall stabilization energy 
of 2.23 kcal mol-1 for the tetrafluorotyrosine mutant. A linear 
free energy analysis of the log Km versus p#a provides a good 
linear relationship, indicating that Kaff correlates well with the 
acidity of the proton donor. The value of a from a linear free 
energy correlation, log Km = a(p£a) + C where a reflects the 
degree of proton transfer between Tyr27 and GIu10, is 0.35. This 
value indicates that the shared proton resides in a relatively 
symmetrical orientation with a slight bias for the proton donor 
of the Tyr27—GIu10 donor—acceptor pair. 

A variety of model studies have failed to give an unequivocal 
answer to the long-standing question of whether the formation 
of intramolecular hydrogen bonds in folded proteins makes a 
net favorable contribution to protein stability versus the alterna
tive hydrogen bond to solvent.lb Some of these studies have 
even suggested that hydrogen bonds with water would be 
favored, strengthening the idea that hydrophobic interactions 
are the dominant force in protein folding.22 Because values of 
hydrogen bond stabilization determined from mutational studies 
of proteins only measure the overall change in protein stability, 
it is difficult to dissect out the effects of a given mutation in 
terms of the hydrogen bonding, van der Waals interactions, 
conformational entropy, and solvation effects associated with 
a given steric or electronic change.2 Interpretation of mutagen
esis data can be further complicated by the introduction of 
additional destabilizing interactions resulting from unpaired 
hydrogen bond donors or acceptors. Here we show that 
increasing the acidity of the tyrosine hydroxyl group by fluorine 
ring substitution contributes an average 0.56 kcal mol-1 per 
fluorine, translating to a total stabilization energy of 2.23 kcal 
mol-1 for the Tyr27 —* 3 mutant. Although the existence of 
any localized structure in proximity to Tyr27 in the unfolded 
state is unclear, the fact that an increase in the acidity of the 
Tyr27 hydroxyl group simultaneously increases the AAGH2O 
provides strong evidence that hydrogen-bonding networks may 
play an important role in stabilizing the folded state of proteins. 
Additional studies at other sites will be required to determine 
the generality of this result. 
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