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FIGURE 4: Typical raw data from thermal denaturation curves of 81  
with three different amino acid substitutions a t  the guest position. 
The ellipticity at  222 nm is plottedagainst sample temperature. Open 
circles (0), Ala a t  the guest site; diagonal crosses (X), Met a t  the 
guest site; closed squares (B), Thr at the guest site. 

cases, protein yields were reduced, and growth conditions were 
adjusted to obtain sufficient quantities of pure protein. 

Stability Studies. The stability of the 20 proteins with 
different guest site substitutions was compared using CD to 
monitor their thermally induced denaturation transitions. 
Sample denaturation curves, showing the raw data for three 
proteins, are depicted in Figure 4. It is clear from the readily 
detectable differences in melting temperatures that protein 
stability is influenced quite substantially by the nature of the 
guest site substitution. 

The results of the thermal denaturation studies were 
analyzed as described under Materials and Methods, yielding 
the melting temperature and free energy associated with the 
denaturation transition for each protein. Assuming all other 
interactions have been eliminated or at least minimized, the 
difference in free energy, AAG, between a particular variant 
and the standard, in this case Ala at the guest position, provides 
a quantitative measure of the relative intrinsic @-sheet forming 
preference of the amino acids. Hence, these AAG values 
provide the basis for the quantitative scale of the @-sheet 
forming tendencies of the amino acids. We chose Ala in 
preference to Gly as the standard because it does not possess 
the unrepresentative rotational freedom of Gly and yet is the 
simplest amino acid with a side chain. 

Table 2 shows the @-sheet propensity data, with the melting 
temperature and free energy difference relative to Ala for 
each guest site substitution. For comparison, the relative 
ranking of the amino acids from statistical analyses of proteins 
of known structure (Chou & Fasman, 1974,1978) and from 
the Kim and Berg (1993) zinc finger study are also listed. 
Several features of Table 2 deserve comment. First, it is evident 
from an examination of the Tm and AAG data obtained here 
that both give a clear ranking of the amino acids: All amino 
acids do not form @-structure equally well in this study. 
Moreover, the magnitude of differences observed between the 
best @-sheet former (Tyr) and the worst (Asp) is quite large, 
with a variation in the T ,  of 18.3 OC and in the AAG of 2.5 
kcal/mol, excluding Gly and Pro. Second, the @-sheet 
propensities determined in our study show correlations with 
the statistically determined propensities. On a one-to-one 
basis, the correlation with the statistical probabilities is 
certainly not exact. Nevertheless, on a broader level, there 
are certain striking similarities between the scales. The best 
0-sheet forming residues, according t o  our study, are Val, Ile, 

guest AAG AAG(Kim&&rg) 
residue T, ("C) (kcal/mol) Pe (kcal/mol) 

TYr 
Thr 
Ile 
Phe 
TrP 
Val 
Ser 
Met 
CYS 
Leu 
Arg 
Asn 
His 
Gln 
LYS 
Glu 
Ala 
ASP 
GlY 
Pro 

69.22 
68.67 
67.78 
67.68 
65.73 
65.47 
64.80 
64.26 
63.99 
62.47 
62.41 
61.88 
60.96 
60.90 
60.65 
58.81 
57.05 
50.91 
45.95 

e10  

-1.63 1.31 
-1.36 1.33 
-1.25 1.57 
-1.08 1.23 
-1.04 1.24 
-0.94 1.64 
-0.87 0.94 
-0.90 1.01 
-0.78 1.07 
-0.45 1.17 
-0.40 0.94 
-0.52 0.66 
-0.37 0.83 
-0.38 1 .oo 
-0.35 0.73 
-0.23 0.51 
0 0.79 
0.85 0.66 
1.21 0.87 
ND 0.62 

-0.50 
-0.48 
-0.56 
-0.55 
-0.48 
-0.53 
-0.39 
-0.46 
-0.47 
-0.48 
-0.44 
-0.38 
-0.46 
-0.40 
-0.41 
-0.41 
-0.35 
-0.41 

0 
0.23 

The amino acids are listed in the order of their 8-sheet propensity. 
The T, of the thermal denaturation transition and AAG relative to that 
of the standard, 81 T2Q, I6A, T44A, T53A, are included. AAG for Pro 
was not determined (ND) for reasons discussed in the text. Absolute 
values are as follows: for T2Q, AG = -9.96 kcal/mol (T, = 81.89 "C); 
for T2Q, I6A, AG = -7.05 kcal/mol (T ,  = 71.12 "C); for TZQ, I6A, 
T44A, T53, AG = -6.54 kcal/mol (T, = 68.73 "C); and for T2Q, I6A, 
T44A, T53A, AG = -4.62 kcal/mol (T, = 57.05 "C). In the table, AG 
is determined by calculating AH in the transition region, using the van't 
Hoff equation and then using this value to calculate AS at the T,. This 
treatment assumes that, within the transition region, AH is independent 
of temperature. Accordingly, AAG values are reported at a temperature 
that is within the transition region for all the mutants (60 "C). For the 
standard 81 containing Ala at the guest site, AG = -0.24 kcal/mol at  
60 "C. Also shown are the Pp values for the probability of Occurence of 
eachaminoacidin8-sheet inproteinsofknownstructure (Chou & Fasman, 
1974, 1978) and the AAG values from the Kim and Berg (1993) zinc 
finger study, which are relative to Gly at the guest postion. 

Thr, Phe, Tyr, and Trp, and these amino acids are also clearly 
the residues that are most commonly found in @-structure in 
the statistical surveys (Chou & Fasman, 1974, 1978). 
Similarly, the worst @-sheet forming residues, according to 
our study, are Ala, Asp, Gly, and Pro, and again these are the 
residues that are found in @-structure most infrequently in 
statistical surveys. The existence of these correlations lends 
strong support to the contention that in the @ l  studies we are 
indeed largely measuring intrinsic @-sheet forming propensities 
and not the artifactual effects of other interactions of the 
guest residues. Additional corroborating evidence for the 
general applicability of the AAGvalues measured at the guest 
position can be found in a comparison of the stabilities of 
proteins @ l  T2Q and 01 T2Q, I6A, T44A. The difference in 
stability of these two proteins can be accounted for by the sum 
of the AAG values for Ile and Thr versus Ala measured at the 
guest position. 

Structural Studies. For a complete interpretation of the 
@-sheet propensity results presented, it is important to show 
that the folded state of the proteins has not been significantly 
distorted by the different substitutions at the guest position. 
Specifically, it is essential to verify the structural integrity of 
the @-strand region for several of the proteins with different 
guest site substitutions, especially those that are severely 
destabilizing. 

The structure of @l  was originally solved by NMR 
(Gronenborn et al., 1991), and the proton assignments for the 
two wild-type forms of @ l  (Met-Thr- and Thr-) were 
available to us. It was therefore straightforward to reassign 
the spectra of the homogeneous T2Q wild-type and the T2Q, 
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ABSTRACT: The results of a study to measure the @-sheet forming propensities of the 20 naturally occurring 
amino acids are  presented. The protein host for these studies is the 56 amino acid B1 domain of staphylococcal 
IgG binding protein G [Fahnestock, S .  R., Alexander, P., Nagle, J., & Filpula, D. (1986) J .  Bucteriol. 167, 
870-8801. This protein was selected because it exhibits a reversible two-state thermal denaturation transition 
and its structure is known a t  high resolution. A suitable guest position in the protein was identified, and 
its neighboring environment was modified to minimize the potential for artifactual interactions. All 20 
amino acids were individually substituted a t  the guest site, and their effect on the protein’s thermal stability 
was determined. N M R  was used to verify the structural integrity of several of the proteins with different 
amino acid substitutions a t  the guest site. The results of these studies provide a thermodynamic scale for 
the relative @-sheet forming propensities of the amino acids that shows a clear correlation with the @-sheet 
preferences derived from statistical surveys of proteins of known structure. 

The solution of the “protein folding problem” requires a 
complete understanding of how a protein’s primary amino 
acid sequence specifies its three-dimensional structure. 
Progress toward this goal necessitates a deconvolution of the 
individual factors that contribute to protein stability. The 
problem can be simplified, both conceptually and experi- 
mentally, if one considers the formation of secondary and 
tertiary structure separately. It is then possible to ask two 
separate questions: “What are the important factors governing 
the stability of a-helices and @-sheets?” and “How do the 
helices and sheets pack together to form tertiary structure?” 
Here we address the first of these questions, specifically by 
developing a thermodynamic scale to quantitate the @-sheet 
forming tendencies of the amino acids. 

Statistical surveys of proteins of known structure describe 
the frequency of occurrence of each amino acid in an a-helix, 
@-sheet, or @-turn, and the results reveal a nonrandom 
distribution (Chou & Fasman, 1974, 1978). It follows that 
the amino acids have definite conformational preferences, and 
the extent to which these preferences favor the formation of 
a particular secondary structure is one of the important factors 
determining the protein stability. Building upon these 
observations, several groups have attempted to quantify the 
preferences for a-helix formation experimentally. Pioneering 
studies in this area were performed by Scheraga and colleagues, 
who devised the “host-guest” method for measuring the 
intrinsic preference of each amino acid to assume a helical 
conformation (Scheraga, 1978; Sueki et al., 1984). 

Subsequent to these early experiments, it was demonstrated 
that short monomeric peptides of only 20 amino acids were 
able to form helices in solution, motivating several groups to 
make measurements of a-helical propensities using short 
peptides as the host molecule (Lyu et al., 1990; Padmanabhan 
et al., 1990). The rationale which underlies these later 
experiments derives from the original copolymer work of 
Scheraga (1978). Specifically, the stability of a standard 
protein or peptide is compared with that of mutants in which 
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all the amino acids are substituted into the guest site 
individually. Changes in stability of the mutant relative to 
a standard host are measured through an analysis of their 
thermally or chemically induced denaturation curves. 

The propensity of each amino acid for a-helix formation 
has been measured in the context of monomeric helical 
peptides, associating trimeric peptides and exposed surface 
helices in proteins (Padmanabhan et al., 1990; Lyu et al., 
1990; O’Neil & DeGrado, 1990; Horovitz et al., 1992; Blaber 
et al., 1993). All of these studies have revealed measurable 
differences in the propensities of the amino acids to assume 
an a-helical conformation. In addition, these experimentally 
determined a-helical propensity scales correlate reasonably 
well with the propensity scales derived from statistical analyses 
of proteins of known structure. The range of free energy 
differences that are observed between the best and worst helix 
formers (excluding Gly and Pro) is about 0.7-0.9 kcal/mol 
in the peptide studies and increases to about 3 kcal/mol when 
Pro is included. A somewhat larger range of free energies but 
with a similar rank order has been derived from the protein 
studies. 

In contrast to the experiments determining a-helical 
propensities, the study of @-sheets has not been as successful, 
principally because of the lack of an unaggregated model 
system which would allow detailed thermodynamic and 
structural characterization. Nevertheless, previous attempts 
to study @-sheet formation do exist. First, poly(L-lysine) under 
certain conditions yields a high molecular weight aggregate 
that has been assigned @-structure by CD.’ Early work was 
performed with poly(L-lysine) with the aim of understanding 
the kinetics of @-sheet formation (Hartman et al., 1974). 
Second, Mutter and Altman (1985) performed a qualitative 
assessment of the @-structure forming properties of Ala, Ile, 
and Leu in a homooligopeptide conjugated with poly(ethy1ene 
glycol). Neither of these systems, however, proved appropriate 
for the development of a scale to describe @-sheet propensities. 

I Abbreviations: CD, circular dichroism; Tm, melting temperature; 
DSC, differential scanning calorimetry; IPTG, isopropyl thio-0-D- 
galactopyranoside; NMR, nuclear magnetic resonance; NOESY, nuclear 
Overhauser enhancement spectroscopy; TOCSY, total correlation spec- 
troscopy; ppm, parts per million; 2D, two dimensional; TPPI, time 
proportional phase incrementation; UV, ultraviolet. 
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