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ABSTRACT: Native proteins fold to form structures that contain secondary-structure regular patterns in the 
peptide backbone, such as a-helix, @-structure, and turns with high frequency. The role of this secondary 
structure in stabilizing the native folded state is presently unclear. Alanine substitutions at  helical sites 
in myoglobin show no correlation with the helical propensity of the side chains involved. In an effort to 
demonstrate a relationship between the effect of a side chain on stabilizing secondary structure and the 
native structure, we have carried out site-directed changes in the sequence of the helical protein sperm whale 
myoglobin. Fully buried hydrophobic side chains were exchanged for similar side chains a t  sites corresponding 
to midhelical positions in the native state. The results show a positive correlation between the a-helix- 
forming ability of the substituted side chain and the stability of the mutant proteins, when differences 
between the size of the side chains are taken into account. If, in addition, each type of amino acid substitution 
is averaged over different sites, the helix propensities of the amino acids account for much of the residual 
variation. This implies that the stability of the native state of a protein is coupled to that of secondary 
structural elements in the structure. In magnitude, the net contribution of propensity differences is smaller 
than hydrophobic effects, but not negligible in terms of the net free energy of unfolding. 

Secondary structure is a common feature in known protein 
structures (Fasman, 1989). However, the role of secondary 
structure in formation of the native state of proteins and its 
contribution to the stability of the native state have been 
difficult to establish. On the one hand, hydrophobic inter- 
actions and packing constraints dominate the thermodynamics 
of folding a chain into its native state (Murphy et al., 1990), 
suggesting that secondary structure may play a minor role in 
stabilizing native proteins (Dill, 1990). On the other hand, 
there is mounting evidence that proteins can assume molten 
globule states in which nativelike secondary structure forms, 
in the absenceof tight packing of many sidechains (Kuwajima, 
1989; Jeng & Englander, 1991; Ptitsyn, 1992; Barrick & 
Baldwin, 1993). The fact that protein fragments or peptides 
can acquire helical structure in solution is consistent with the 
idea that secondary structure can arise independently of 
packing constraints. Experiments on short a-helical peptides 
(ONeil & Degrado, 1990; Lyu et al., 1990; Padmanabhan 
et al., 1990) reveal significant differences in helix formation 
among chemically similar side chains: for example, the 
nonpolar side chains, Ala, Leu, and Met, are helix forming 
while Ile and Val are weak. Quantitative scales of the 
stabilizing effect of these side chains in the middle of an a-helix 
have been derived (O'Neil & Degrado, 1990; Lyu et al., 1990; 
Gans et al., 1991), specifying the Zimm-Bragg s values for 
helix propagation (Zimm & Bragg, 1959) or the intrinsic 
a-helical propensities, for each side chain. 

The role of secondary structure in stabilizing the native 
state of proteins has been addressed experimentally in a number 
of studies of amino acid substitutions in model proteins (Hecht 
et al., 1986; Horovitz et al., 1992; Blaber et al., 1993). A 
difficulty in these efforts is that the a-helices in globular 
proteins tend to be short, 12 residues on average, placing many 
sites of interest near the N- or C-terminus of a helix (Presta 
& Rose, 1988; Richardson & Richardson, 1988). In such 
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cases, the scale of helical propensities is position dependent 
because of "capping" interactions at the ends of a helix (Serrano 
& Fersht, 1989; Lyu et al., 1992). A highly helical protein 
such as myoglobin (Phillips et al., 1990), with five long helical 
regions, offers a favorable system for analysis of the role of 
secondary structure. Weinitially set out to test therelationship 
between a-helix stability and that of native myoglobin by 
preparing a series of alanine substitutions at helical sites on 
the surface of the molecule (Pinker et al., 1993). The results 
do not reveal a correlation with differences in midhelix 
propensities (s values; O'Neil & Degrado, 1990; Gans et al., 
1991) between alanine and the side chains substituted. In 
most cases, substituting Ala for a helical side chain on the 
surface actually destabilizes the native protein. The reason 
appears to be that differences in the buried surface area of 
the protein before and after alanine substitution contribute 
more to the stability of the mutant proteins than differences 
in helix propensity. Quantitative scales of midhelix propensity 
indicate that Ala differs from Gly by less than 1 kcal/mol 
(O'Neil & Degrado, 1990; Gans et al., 1991; Horovitz et al., 
1992; Blaber et al., 1993). An analysis of a-helix propensities 
of side chains at two sites in T4 lysozyme reveals a free energy 
difference of about this magnitude, although there is a 
correlation with the hydrophobicity of side chains (Blaber et 
al., 1993), consistent with the idea that differences in buried 
surface area influence the contribution of surface side chains 
to the stability of helices in proteins (Pinker et al., 1993). 

This led us to consider a strategy in which the extent of 
exposure of each site chosen for substitution is controlled more 
precisely. This is most directly achieved by substituting side 
chains at internal sites that have zero exposure in the native 
state (see Table I). Ala substitutions for bulkier side chains 
at internal sites are generally destabilizing (Shortle et al., 
1990; Eriksson et al., 1992) since they can perturb packing; 
we used these as controls, focusing on substitutions among 
bulky Leu, Met, Ile, and Val sidechains at fully buried helical 
sites in myoglobin. When intrinsic differences in the size of 
the side chains are taken into account, the stability of the 
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FIGURE 1: Identity of mutant sites in the core of sperm whale 
myoglobin. Coordinatesare taken from 1 MBW (Phillips et al., 1990) 
in the Brookhaven Protein Databank. The heme group is not shown 
for clarity. Color codes: blue for isoleucine, green for leucine. 

mutant proteins now shows a positive correlation with the 
tendency of these amino acids to stabilize a-helical structure 
(Figure 2A). If, in addition, the data for each type of 
substitution are averaged over different sites in the protein, 

correlates well with the stability of 
ure 2B). This correlation suggests 
structure indeed stabilizes the native 

he stability of secondary 
that of the native fold. 

MATERIALS AND METHODS 
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Table I: Effect of Internal Side-Chain Substitutions on the Stability 
of Sperm Whale Myoglobin 

ATm AAGO m ' x  105 
mutants positions ("C)a (kcal/mol)b (mol-' K-l)c 

I28L 
I28M 
I28V 
I28A 
I l l l L  
I l l l M  
I1 11v 
I l l l A  
I142L 
I1 42M 
I142V 
1142A 
L29I 
L29M 
L29V 
L29A 
L69I 
L69M 
L69V 
L69A 
L135I 
L135M 
L135V 
L135A 
L49I 

B-8 -1.7 
-1.7 

0.1 
4 4  

G-11 -2.0 
-3.7 

d 
-6.4 

H-18 1.8 
2.6 

-0.3 
-3.5 

B-9 -3.6 
0.3 
-6.0 
-8.9 

E-11 - 0 . 1  
0.0 

-0.3 
-3.8 

H-11 -5.2 
-2.5 
-8.3 
d 

CD-7 -2.5 
I99L FG-5 d 

0.55 
0.56 

-0.04 
1.33 
0.64 
1.14 

1.84 
-0.63 
4 9 3  

0.12 
1.10 
1.12 

-0.12 
1.72 
2.37 
0.02 
0.00 
0.10 
1.18 
1.54 
0.79 
2.25 

0.80 

2.30 
2.60 
2.28 
2.82 
2.53 
2.50 

2.99 
2.36 
2.25 
2.34 
2.67 
2.36 
2.29 
2.67 
3.40 
2.14 
2.41 
2.39 
2.71 
2.59 
2.71 
2.99 

e 

a ATm = TWumt- T,,,dtwis theaverageof triplicatedeterminations. 
AAGO = ATm/Tm[AHw + AC,ATm] (kcal/mol), where Tm = 76.5 OC 

is the transition temperature of the wild-type myoglobin, AHw = 118 
kcal mol-', and AC, = 2.8 kcal degl mol-'. cSee Figure 5 and text. 
Wild-typemyoglobingivesaslopeof 2.38 X 10-5under thesamecondition. 

Themutant proteins at thesesitescannot be purified by normal procedure. 
e Not done. 

With the approximation that the differential free energy of 
solvation is linear in the urea concentration itself 

Abz3 = Ab,,OC3 

a plot of Tm-' vs C3 would be predicted to be linear, as we find, 
provided AH varies slowly with C3 (see Figure 5 and Mayr 
and Schmid (1993)l. The slope of the line would be 

m' = RAb,:/AH 

and values of m' are given in Table I. Plots of Tm-l using In 
[a] as variable, where [a] is the urea activity, turn out to be 
curved (data not shown). From linear plots of Tm-l vs C3, the 
isotherm for unfolding a protein at 25 OC by urea can be 
reconstructed, assuming that AH at the Tm corresponding to 
a given urea concentration is controlled by the value of ACp 
alone [see Santoro & Bolen (1992)l. The enthalpy change 
AH includes three contributions: AH = AHo + hU - hN, 
where AHO is the enthalpy of unfolding of the protein in the 
absence of urea and hU and hN are the excess enthalpies of 
the unfolded and folded states of the protein in the presence 
of urea. 

RESULTS AND DISCUSSION 

The effect of mutations at  internal sites on the thermal 
stability of myoglobin is summarized in Table I. Only two 
out of 22 internal mutations significantly stabilized the protein, 
both in cases where the helical propensity would be expected 
to increase. In the case of one nonhelical site, the effect is 
opposite. 199L proves to be too unstable to allow purification 
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FIGURE 2: (A, top) Observed free energy change AAGoob plotted 
against AAG0,lc, the calculated free energy change. AAG0,lc is the 
sum of two components. One is the free energy change due to the 
surface area differences between side chains upon mutation (Lesser 
Br Rose, 1990), multiplied by 22 cal/A* (Chothia, 1976) to convert 
into an energy term. The second is the helical propensity difference 
between thewild-typeaminoacidand themutant (Gansetal., 1991). 
(B,bottom) Meanfreeenergychangeofeach typeofmutation plotted 
against APGo,~,. The line shown is the best-fit linear regression line 
(AAGo,lc = -0.62 + 1.2AAGoob; RZ = 0.95). Isoleucine to valine 
and leucine to alanine mutations are omitted from this plot, because 
I1 llVandL135Aarebothtoounstable tobepurifiedand theaverage 
of the remaining two is not statistically equivalent to the others. 

by the normal procedure (Springer & Sligar, 1987), even 
though the mutation corresponds to an increase in helix 
propensity. In the other, L49I decreases the helix propensity, 
and gives a protein with a Tm 2.5 O C  lower than wild type. 
There is no trend in substitutions at nonhelical internal sites. 
These two sites are the only two possible hydrophobic sites we 
found in the interior of the myoglobin located on the nonhelical 
position and without direct contact with the heme group. 

At each helical site, the least stable proteins result from 
substituting Ala for a bulkier side chain, regardless of helix 
propensity, if we assume L135A is less stable than L135V and 
does not survive isolation. Changes from bulky side chains 
to Ala can disrupt packing or even create cavities in the core 
(Eriksson et al., 1992) and hence should be destabilizing. Since 
the substitutions described here are all in the hydrophobic 
core of the protein, which is a t  least partly disrupted on 
unfolding, the difference in hydrophobicity accompanying each 
amino acid change has to be taken into account (Pinker et al., 
1993). By converting the change in side-chain surface area 
upon mutation, estimated as the difference in total side-chain 
surface area between the side chains (Lesser & Rose, 1990), 
to a free energy scale using Chothia's factor of 22 cal/A2 
(1976), we obtain the result shown in Figure 2A. The free 
energy difference between the wild-type and mutant proteins, 
AAGo,b, shows an overall positive correlation with AAGoalc, 
the sum of midhelix propensity differences evaluated from 
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FIGURE 3: AAGo,,b plotted against AAGo,d without taking into 
account the helix propensity scale. Panel A unaveraged data; the 
best fitting line has R2 = 0.35. Panel B is the site-averaged data. The 
points with different symbols are not included in this graph (see 
Figure 2B legend). The equation of the best fitting straight line for 
these data is AAGOd, = -0.53 + 1.1 (mean AAGo,b,, with R2 = 0.77. 

model peptides (ONeil & Degrado, 1990; Gans et al., 1991) 
and the change in hydrophobicity calculated from residue 
area as above. The data show considerable scatter, which is 
not unexpected, since each internal site represents a distinct 
microenvironment of the protein (Green et al., 1992). The 
scatter can be reduced substantially (Figure 2B) if we average 
the free energy change for each type of substitution over the 
different sites. This procedure assumes that effects at a given 
site are local and improves the correlation notably. It is 
interesting that the correlation in Figure 2B holds even if the 
side-chain substitutions that involve an appreciable change in 
surface area are discarded. For example, removing the Ala 
and Val substitutions from this plot, we find that the remaining 
hydrophobic differences among Leu, Ile, and Met still account 
for most of the variation in free energy of the mutant proteins. 

How important is helix propensity relative to side-chain 
hydrophobicity? If we examine the raw data, a modest 
correlation still can be seen (Figure 3A) between side-chain 
hydrophobicity differences and the stability of the mutant 
proteins (correlation coefficient R2 = 0.35). Averaging local 
effects at different sites produces a stronger correlation ( see 
Figure 3B): 

AAGO,,, = -0.5 + l.lAAGoh 
with a correlation coefficient R2 = 0.77. However, when we 
compare Figure 2B (R2 = 0.95) with Figure 3B, we see that 
including differences in helix propensity among the side chains 
significantly improves the correlation. To pursue this further, 
in Figure 4, AAGorcs, which is the residual experimental free 
energy that is not accounted for by the surface area 
contribution, AAGO, = AAGooa- AAGo,,rf, is plotted against 
the difference in helix propensities between the side chains 

X 
P) 
.- - 

Ol: 

OAI ' I ' I I I 8 1 

M 
M A  

0.0 1 
0.2 

0.4 

0.6 
P -1 0 1 2 3 

AAG "res 
FIGURE 4: AAG',, the residual free energy change after the free 
energy contributionis subtracted from the side-chain surface area 
(PAGO&- AAG',,f), plotted against AAGOkh, the helical propensity 
scale (Gans et al., 1991). Again, panel A is the raw data without site 
averaging (no trend can be seen in this case), while in panel B, after 
site averaging, the correlation (AAGohA = -0.29 + 0.60AAGo,, R2 
= 0.68) indicates that, despite the major effect coming from 
hydrophobicity, the secondary structure effect accounts for a 
considerable fraction of the remaining stability change. 

substituted. In panel A, the data are not averaged, and no 
trend can be discerned. As seen in panel B, a positive 
correlation results when sites are averaged, with R2 = 0.68. 
This result is in marked contrast to what we have observed 
in the case of external Ala substitutions in myoglobin (Pinker 
et al., 1993). In the case of the fully internal sites, the 
magnitude of the helix propensity differences is sufficient to 
account for the residual free energy against a background of 
all other contributions other than the hydrophobicity. Use of 
hydrophobic free energies derived from transfer experiments 
in which model compounds are partitioned between water 
and nonaqueous solvents weakens the correlations we find 
[see Lesser & Rose (1990)l. 

Figure 5 illustrates the dependence on urea concentration 
of the T m  for the wild-type and several mutant myoglobins. 
Inspection of the values of the slopes in Table I indicates that 
the largest value corresponds to X - A differences. Thus 
size difference between the side chains seems to influence the 
urea dependence of T m  ,as it does the Tmvalues in the absence 
of urea. Since all the sites we are discussing are chosen to be 
fully buried in the native protein, these differences can 
reasonably be attributed to changes in accessibility or binding 
of urea by the unfolded protein, as Green et al. (1992 ) have 
argued, if we assume a two-state transition model. The actual 
situation might be more complex, however, if populations of 
intermediate states are involved. 

CONCLUSION 

The above results lead us to conclude that the role of the 
a helix propensity of a side chain in the interior of myoglobin 
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FIGURE 5:  Dependence of Tm-l on urea concentration. Symbols: 
wild type (O) ,  L29V (0), I142L (O) ,  and I l l lL  (A). Urea 
concentrations were determined by refractive index measurements 
(Pace, 1986). All melting curves were done in the same buffer system 
as described under Materials and Methods with the addition of urea. 
The slopes, m’, are listed in Table I. 

is not negligible, so that the secondary-structure stabilization 
contributes directly to that of the native state. It seems 
important to qualify this conclusion with care. In substitutions 
among chemically similar alkyl side chains at internal helical 
sites in myoglobin, differences in hydrophobicity between the 
side chains involved still account for about twice the variation 
that can be attributed to differences in helix propensity per 
se (see Figure 4). Thus while helix propensities can be seen 
to play a role, they do not represent the dominant effect in 
stabilizing the native folded state of the protein. The relatively 
small difference in area (or hydrophobicity) between Leu and 
Ile, for example, still contributes more to the free energy of 
folding on average than the difference in theirs values. The 
contribution of cy-helix to the free energy of folding the native 
protein can be supposed to play a determinative role in 
acquiring the native fold in any case. Secondary structure 
seems to be present in the earliest detectable folding inter- 
mediates in a protein such as cytochrome c (Englander & 
Mayne, 1992) and hence might prove crucial in the pathway 
of folding in terms of framework models (Kim 8z Baldwin, 
1982). Pace’s group (Pace, 1992) has recently revised upward 
the estimated equilibrium thermodynamic contribution of 
H-bonding to the native structure of a protein, concluding 
that the total effect of H-bonds is not insignificant relative to 
the hydrophobic component. As pointed out by Creamer & 
Rose (1992), relative helix propensities based on Gly, for 
example, do not include the H-bonding contribution to helix 
formation. Helix propensity differences alone thus might 
underestimate the stabilizing contribution to folding from 
helical structure. 

In attempting to understand the extent of scatter seen in 
Figure 2A, several quite different contributions of local 
environment might play a role. First, according to Shortle et 
al. (1990), substitutions at internal sites in staphylococcal 
nuclease vary in their effect on stability depending on the 
local density of Ccy carbons in the vicinity of the site. While 
side chains in the interior of proteins are mobile, as implied 
in models which treat the interior as an apolar fluid (Baldwin, 
1986; Murphy et al., 1990), mutational studies implicate 
localized “internal packing energy” differences (Kellis et al., 
1988; Lim & Sauer, 1991; Sandberg & Terwilliger, 1991). 
Thus local rigid body contributions or density differences might 
account for the large variation in effect of single mutations 
from site to site seen in Figures 2A, 3A, and 4A. We avoided 
sites close to the heme group in order to remove heme contacts 
as a source of such rigid body effects. However, the heme 
may have a general impact on local dynamics or strain of side 
chains in the core of myoglobin. A second and more 

mom 0 

0 / I  

-30 
2 . 0  2 . 5  3 . 0  3 . 5  

m’ 
FIGURE 6: Calculated chan es in surface area upon mutation (Lesser 
t Rose, 1990), Asurface (I2), plotted against m’, the slopes of the 
graphs in Figure 5 .  Panel A: The straight line fit gives a correlation 
coefficient R2 = 0.5. Note the scatter in the slopes for the same type 
of mutation at different sites in the protein, which suggests the 
differential binding of urea to the unfolded states of mutant proteins. 
Panel B: Effect of site to site averaging on the data in panel A. A 
similar reduction in scatter is seen as in Figure 2; R2 = 0.86. 

problematical factor is the residual structure that is seen in 
the unfolded states of proteins under a variety of denatured 
conditions (Shortle 8z Meeker, 1986; Neri et al., 1992). This 
can contribute to site-site differences in unpredictable ways. 

It is worth noting that a plot of the difference in surface 
area between the side chains substituted against the value of 
the slope, m’, shows a scatter similar to that in Figure 2A 
(Figure 6). In the case of these slopes, one might expect the 
extent of exposure to urea of side chains in the unfolded state 
to be more uniform, reducing the dispersion. This is not 
observed, and the result of averaging the substitutions over 
different sites produces a comparable correlation to what we 
find for AACO values in Figure 2B. Thus the exposure to urea 
in the unfolded myoglobin reveals a site to site variation that 
is consistent with the presence of residual structure in that 
state or some local effect that prevents uniform solvation of 
side chains by urea. The parallel between Figure 2 and Figure 
6 might suggest that local effects in the native state do not 
account for the scatter in Figure 2A, if the m’ values indeed 
reflect differences in unfolded states of the protein. This 
depends however on the role of intermediate state(s) in the 
unfolding process. 

In principle, structural rearrangements in the native state 
might accompany some, if not all, of the substitutions carried 
out, perturbing the free energy of the native state. Even if 
all these could be determined in detail, it might prove difficult 
to interpret their thermodynamic contributions quantitatively. 
Depending on how one interprets m’ differences, it may be 
reasonable to attribute important effects to intermediates or 
unfolded states of the protein. In either case, it seems that 
the simplifying procedure of averaging several sites together 
in order to try to isolate the effect of a particular substitution 
improves the scatter in the resulting data. This is decisively 
so in the case of Figure 4. 
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