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@ values are experimental measures of the effects of mutations on the
folding kinetics of a protein. A central question is what structural
information & values give about the transition-state of folding. Tradition-
ally, a & value is interpreted as representing the ‘nativeness’ of a mutated
residue in the transition-state. However, this interpretation is often
problematic. We present here a better structural interpretation of @ values
for mutations within a given helix. Our interpretation is based on a simple
physical model that distinguishes between secondary and tertiary free
energy contributions of helical residues. From a linear fit of the model to
experimental data, we obtain two structural parameters: the extent of helix
formation in the transition-state, and the nativeness of tertiary interactions
in the transition-state. We apply the model to all proteins with well-
characterized helices for which more than 10 & values are available:
protein A, CI2, and protein L. The model is simple to apply to
experimental data, captures nonclassical ® values <0 or >1 in these
helices, and explains how different mutations at a given site can lead to
different & values.
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Introduction

There has been much interest in understanding
the rates of protein folding in terms of transition-
state structures. We focus here on two-state
proteins, i.e., those proteins that fold with single-
exponential kinetics. The folding kinetics of two-
state proteins is often investigated by mutational
analysis.' >* The effect of a given mutation on the
protein’s folding kinetics is quantified by its &
value:*°

o RTln(kwt/kmut)

Here, ki is the folding rate for the wild-type
protein, kpy,: is the folding rate for the mutant
protein, and AGy is the change of the protein
stability induced by the mutation. The stability Gy
of a protein is the free energy difference between

o
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the denatured state D and the native state N. In
classical transition-state theory, the folding rate of a
two-state protein is proportional to exp[-Gr/RT],
where Gr is the free energy difference from the
denatured state to the transition-statef. In that
notation, ® is given by:

AGr
2

where each A in this expression represents the
change due to the mutation.

By definition, ® values are fundamentally ener-
getic quantities, related to changes in the protein’s
stability and folding rate. Do & values also give
information about the structures that describe the
kinetic “bottleneck” or transition-state?”° " In the
traditional interpretation, ® is taken to indicate the
degree of structure formation of the mutated residue
in the transition-state ensemble T. A @ value of 1 is

CD:

tIn principle, the prefactor of this proportionality
relation could also depend on the mutation, but this
dependence is usually neglected.
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interpreted to indicate that the residue has a native-
like structure in T, since the mutation shifts the free
energy of the transition-state T by the same amount
as the free energy of the native state N. A & value of
0 is interpreted to indicate that the residue is as
unstructured in T as in the denatured state D, since
the mutation does not shift the free energy difference
between these two states. d values between 0 and 1
are typically taken to indicate partial native-like
structure in T.

In efforts to better understand the physical basis
for & values, atomistic computer simulations are
often performed. However, such simulations sel-
dom determine @ directly because of the great
challenge of simulating the long times needed to
capture the folding kinetics. Rather, such studies
rely on assumptions of the traditional interpretation
about how the kinetics is related to particular
structures that can be observed in the simulation.
For example, ® values are sometimes calculated
from the fraction of contacts a residue forms in the
transition-state T, compared to the fraction of con-
tacts in the native and the denatured states.”’™**
Alternatively, Daggett and coworkers compute an S
value,* which is “a measure of the amount of
structure at a given residue, defined by the amounts
of secondary and tertiary structure at each
residue.”*® Notable exceptions to such structural
assumptions are a recent molecular dynamics study
of an ultrafast mini-protein in which @ values are
calculated from rates for the wild-type and mutants
via equation (1),* and the calculation of & values
from free energy shifts of the transition-state
ensemble using equation (2).** In addition, in more
coarse-grained models, it has been possible to
calculate @ values directly from the folding
kinetics.**° The advantage of modeling the kinetics
directly is that it requires no assumption about what
properties transition-state structures might have.
Because the interpretations of @ have been con-
troversial, it is important to eliminate any such
possible assumptions that may be flawed.

In particular, there are reasons to question the
simple traditional interpretation of . First, some P
values are negative or larger than 1.°*°” If they are
not experimental artifacts, these ‘monclassical’ &
values cannot be interpreted as a degree of structure
formation, because this would have the nonsensical
implication of ‘less structured than D’ or ‘more
structured than N.” Second, ® values are sometimes
significantly different for different mutations at a
given chain position, contradicting the normal
assumption that the degree of nativeness of the
transition-state is just a property of the position of a
monomer in the protein. The mutations E15D and
E15N in the helix of the protein CI2, for example,
have & values of 0.22+0.05 and 0.56+0.05," which
differ by more than a factor 2 (see also Table 1).
Third, & values for neighboring residues within a
given secondary structure often span a wide range
of values. For example, the & values for 12 different
mutations in the CI2 helix with stability changes
AGn>0.7 kcal/mol range from —0.25 to 1.06 (see

Table 1. Helix of the protein C12

Mutation ® AGy AGLEAPR AGEreP
S12G 0.29 0.8 0.28 -
S12A 043 0.89 0.14 -
E15D 0.22 0.74 0.13 0.29
EI5N 0.53 1.07 0.57 0.25
A16G 1.06 1.09 0.82 1.0
K17G 0.38 2.32 0.80 0.74
K18G 0.7 0.99 0.75 0.74
120V 0.4 13 0.14 0.2
L21A 0.25 1.33 -0.01 -0.21
L21G 0.35 1.38 0.26 0.79
D23A -0.25 0.96 -0.41 -
K24G 0.1 3.19 0.12 -

Experimental & values and stability changes AGy are from
Ttzhaki et al.' The change in intrinsic helix stability AG*“*P™® js
calculated with AGADIR,®'® see Merlo et al.®° The change in
intrinsic helix stability « is calculated from the helix propensity
scale of Pace and Scholtz.%* The helix propensities of the residues
are (in kcal/mol): Ala (A) 0, Leu (L) 0.21, Arg (R) 0.21, Met (M)
0.24, Lys (K) 0.26, GIn (Q) 0.39, Glu (E) 0.40, Tle (I) 0.41, Trp (W)
0.49, Ser (S) 0.50, Tyr (Y) 0.53, Phe (F) 0.54, Val (V) 0.61, His (H)
0.61, Asn (N) 0.65, Thr (T) 0.66, Cys (C) 0.68, Asp (D) 0.69, and Gly
(G) 1. For the terminal residues 12, 13, 23, and 24 of the helix, the
propensity scale is not applicable. We only consider mutations
with AGyn>0.7 kcal/mol.

Table 1). In the traditional interpretation, this means
that some of the helical residues are unstructured in
the transition-state, while other residues, often
direct neighbors, are highly structured. This contra-
dicts the notion that secondary structures are
cooperative.

We believe that the inconsistencies of the traditional
interpretation result from the assumption that ®, an
energetic quantity, happens to also represent a single
structural property, the ‘degree of nativeness’ of this
residue in T. We ask here whether it is possible to start
from a kinetics-based model, and obtain a structural
interpretation of the folding bottleneck. We show here
that the ® values for multiple mutations in a given
helix can be consistently interpreted in a simple
physical model that takes into account just two
structural parameters for the whole helix: x,, the
degree of secondary structure formation of the helix in
the transition-state ensemble T, and y; the degree of
tertiary structure formation of the helix in T. In our
model, the mutation-induced free energy changes are
split into two components. The overall stability
change AGy is split into two parts: the change in
intrinsic helix stability AG,, and the change in tertiary
free energy AG; caused by the mutation. Similarly,
AGr, the change of the free energy difference between
the transition-state and the denatured state, is split
into a change x,AG, in secondary free energy, and a
change x:AG; in tertiary free energy. The & values for
the mutations in the helix then have the general form:

o XQAGQ + ZtAGt - . AGOL

¢ = AGN = Xt + (XO( )Cf) AGN (3)
The second expression simply results from repla-

cing AG; by AGy—AG,. The two parameters yx, and
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7 of our model are ‘collective’ structural parameters
for all mutations in the helix. Different ® values then
simply result from different free-energetic ‘signa-
tures” AG, and AGy of the mutations. In particular,
equation (3) captures that different mutations of the
same residue can lead to different ® values, and that
& values can be monclassical,” i.e., <0 or >1. Since
the two structural parameters yx, and yx; range
between 0 and 1, a nonclassical ® value implies
that the changes AG, and AG, in secondary and
tertiary free energy caused by the mutation have
opposite signs.

To apply our model, we first estimate AG,, the
change in helical stability, for each mutation in a
particular helix, using standard helix propensity
methods. We then plot all experimental values for
& versus AG,/AGy, and obtain the two structural
parameters x, and y; from a linear fit of equation
(3). In principle, the two structural parameters can
be extracted if ® values and stability changes for at
least two mutations in a helix are available.
However, to test our model, and to obtain reliable
values for x, and y;, we focus here on helices for
which more than 10 & values have been deter-
mined. The modeling quality then can be assessed
from the standard deviation (SD) of the data points
from the regression line, and from the Pearson
correlation coefficients between ® and AG,/AGy.
Our model can be applied to all mutations for a
helix, or to a subset of mutations that affect only
the tertiary interactions with one other structural
element.

Theory

Transition-state conformations and folding rate

We model the transition-state as an ensemble of M
different conformations (see Figure 1). Each transi-
tion-state conformation is directly connected to the
native state N and to the denatured state D. The
model thus has M parallel folding and unfolding
routes.

We assume that the protein is stable, ie., that
Gn<0. We also assume that the free energy barrier
for each transition-state conformation is signifi-
cantly larger than the thermal energy, ie. that

Figure 1. In our model, the transition-state ensemble T
consists of M transition-state conformations T4, T»,..., Ta.
The arrows indicate the folding direction from the
denatured state D to the native state N via the transition-
state conformations.

G, / RT > 1.589 The rate of folding along each route
M is then proportional to exp[—G,,/RT], and the
total folding rate as the sum over all the parallel
routes is:

M
k= CZ g~ Gn/RT 4)

m=1

where c is a constant prefactory.

Decomposition of free energy changes for
helical mutations

Consider all mutations i=1, 2,... within one
particular o-helix of a protein. The effect of these
mutations on the stability and folding kinetics can
be experimentally characterized by the stability
changes AGy, and by the & values. We suppose
that the experimentally measured change in stability
AGy for each mutation is the sum of effects on the
stability of the helix and on the interactions of the
helix with its tertiary neighbors:

AGy = AG, + AG; (5)

The first term, AG,, is the change in the intrinsic
helix stability. The second term, AG;, is the change
in tertiary free energy of the helix interactions
with neighboring structures. Below, we estimate
AG, using either the program AGADIR®* or
from a helix propensity scale.”* The term AG; is
then simply obtained by subtracting AG, from
the experimentally measured stability change,
AGy.

We also decompose each AG,, the mutation-
induced free energy change for the transition-state
conformation m, into two terms:

AGy = $uAG, + t,AG (6)

Here, s,, is either 0 or 1, depending on whether the
helix is formed or not in the transition-state
conformation m. The coefficient t,, is between 0
and 1 and represents the degree of tertiary structure
formation in conformation .

Structural and energetic components of ®
values

The folding rate for the mutant protein i is kpue=
k(G1+AG1, G2+ AG2,..., GM+ AGM) with k given in
equation (4). The folding rate of the wild-type is
kwi=k(G1, Ga,..., Gp). We assume here that the
mutations do not affect the prefactor c¢ in equation
(4). For small values |AG,| of the mutation-

1This model is a generalization of our previous
model® with M=2 transition-state conformations. The
master equation that describes the folding kinetics of this
model can be solved exactly. Equation (4) is obtained
from the exact solution in the limit of large transition-state
barriers G,,.°
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induced free energy changes, a Taylor expansion of
In kye gives:

M
In e — In k= > %

m=1
_ 1 Zm AGmeiGm/RT
- RT Zm e_Gm/RT

AGm

7)

With the decomposition of the AG,,’s in equation
(6), we obtain:

1
In kmut —In kwt_ T DT (XuAGOL + XtAGf) (8)

RT
with the two terms
_Gm /RT _Gm /RT
Sin€ Ste
1= Zm 7”7G T and 7= Zm t,(; T (9)
Zm e m Zm e m

The term y, represents the Boltzmann-weighted
average of the secondary structure parameter s, for
the transition-state ensemble T. y,, ranges from 0 to 1
and indicates the average degree of structure
formation for the helix in T. The value y,=1
indicates that the helix is formed in all transition-
state conformations m, and y,=0 indicates that the
helix is formed in none of the transition-state
conformations. Values of y, between 0 and 1
indicate that the helix is formed in some of the
transition-state conformation, and not formed in
others. The term yx; represents the Boltzmann-
weighted average of the tertiary structure parameter
tm in T, and also ranges from 0 to 1. From equation
(8) and the definition in equation (1), we then obtain
the general form (equation (3)) of the & values for
helical mutations in our model§.

Our analysis of experimental & values requires an
estimate of the mutation-induced change AG, of the
intrinsic helix stability. In the case of the CI2 helix,
we estimate AG, both with the program
AGADIR®"™® and from a helix propensity scale
(see Table 1).%* The change in intrinsic helix stability
AG, can be estimated from the helical content
predicted by AGADIR via AG,=RT In(Py"/Py™").
Here, P%t is the helical content of the wild-type helix
and P™" is the helical content of the mutant. The
program AGADIR is based on helix/coil transition
theory, with parameters fitted to data from Circular
Dichroism spectroscopy. In Table 1, the values for
AG, obtained from AGADIR are com}:gared to
values from a helix propensity scale.* Helix
propensities of the amino acids are typically given

§ In principle, our parameter y; for the tertiary interac-
tions can also be seen to depend on the residue position.
To derive equation (3), we do not have to assume that the
tertiary parameters t,, for the M transition-state confor-
mations are independent of the residue position and/or
mutation. However, we focus here on the simplest
version of our model and show that a consistent
structural interpretation of experimental ® values in a
helix can be obtained with just two structural parameters
%X« and y; for the whole helix, which implies a
cooperativity of secondary as well as tertiary interactions.

Table 2. Helix 2 of protein A

Mutation O3] AGy AG, Tertiary contacts
A27G 1.0 1.0 1.0 -
A28G 0.6 2.2 1.0 Helix 1
A29G 1.1 1.0 1.0 -
F31A 0.3 39 -0.54 Helices 1, 3
F31G 0.5 4.7 0.46 Helices 1, 3
132V 0.6 1.2 0.2 Helix 1
132A 0.5 1.9 -0.41 Helix 1
132G 0.6 3.4 0.59 Helix 1
A33G 1.1 0.9 1.0 -
A34G 0.7 1.2 1.0 -
L35A 0.4 2.4 -0.21 Helices 1, 3
L35G 0.5 41 0.79 Helices 1, 3

Exlperimental @ values and stability changes AGy are from Sato et
al.’® The change in intrinsic helix stability AG, is calculated from
the helix propensity scale of Pace and Scholtz.** The information
whether tertiary contacts with helices 1 and 3 are affected by the
mutations is taken from the contact matrix of protein A shown in
Figure 2. We only consider ® values for single-residue mutations
with the wild-type sequence as reference state at those sites where
multiple mutations have been performed. For example, we
consider the & values for the mutations 132V, I132A, and 132G in
helix 2 of protein A, but not the ® values for V32A and A32G also
given by Sato et al.'> However, we include the & values for the
Ala-Gly scanning mutants at the residue positions 27, 28, 29, 33,
and 34 given in Table 1 of Sato et al."”

as free energy differences with respect to Alanine.
These free energy differences represent averages of
experimentally measured changes in helix stability
induced by mutations. We use the propensity scale
of Pace and Scholtz,®* which has been obtained from
experimental data on 11 different helical systems.
For example, the value AG,=0.29 kcal/mol for the
mutant E15D in the CI2 helix is simply the difference
between the helix propensity 0.69 kcal/mol for the
amino acid D (Aspartic acid) and the propensity 0.40
kcal/mol for amino acid E (Glutamic acid). The helix
propensity scale can be applied for residues at
‘inner” positions of a helix, not for residues at the
termini or ‘caps’ of the helix. The N-terminal
residues of the CI2 helix are residues 12 and 13,
the C-terminal residues are residues 23 and 24. For
the eight mutations at ‘inner positions” of the CI2
helix, the values for AG, from AGADIR and from
the helix propensity scale correlate with a Pearson
correlation coefficient of 0.77. For the other three
helices considered here, the helicities predicted by
AGADIR are significantly smaller than the helicities
around 5% predicted for the CI2 helix. Estimates for
AG, based on AGADIR therefore are not reliable for
these helices. The values of AG, shown in the Tables
2—4 are calculated from helix propensities.

Results and Discussion

More than 20 two-state proteins with o/ B, 12 a-
helical,'>™'° or all-p structures'”* have been inves-
tigated by mutational analysis in the past few years.
Mutational data are also available for several proteins
that fold via intermediates®®®” or apparent inter-
mediates.® We focus here on the well-characterized
a-helices of two-state proteins for which at least
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Table 3. Helix 3 of protein A

Mutation (4] AGy AG, Tertiary contacts
A44G -0.1 1.3 1.0 -
L45A 0.6 1.5 -0.21 Helix 2
L45G 0.3 44 0.79 Helix 2
L46A 0.2 1.9 -0.21 Helix 1
L46G 0.3 4.0 0.79 Helix 1
A47G 0.2 1.5 1.0 -
A48G 0.0 1.8 1.0 Helix 2
A49G 0.2 3.6 1.0 Helix 2
A51G 0.1 1.2 1.0 -
L52A 0.3 1.3 -0.21 Helix 2
L52G 0.1 3.8 0.79 Helix 2
A54G 0.0 1.4 1.0 -

1perlmental ® values and stability changes AGy are from Sato et

5 The change i m 1ntr1n51c helix stability AG, is calculated from
hehx propensities.®* The information on tertiary contacts is taken
from Figure 2.

10 & values apiece are available: helices 2 and 3 from
the protein A, and the helices of CI2 and protein L.
Protein A is an a-helical protein with three helices, CI2
and protein L are a/p-proteins with a single a-helix
packed against a 3-sheet.

Three helices in protein A constitute its three
structural elements. Based on the contact map of
protein A shown in Figure 2, the mutations in helix 2
of protein A can be divided into three groups:
‘purely secondary’ mutations that do not affect
tertiary contacts; mutations that affect only tertiary
contacts with helix 1; and mutations that affect
tertiary contacts both with helices 1 and 3. If only the
first two groups of mutations are considered in our
analysis, y; represents the average degree of
structure formation with helix 1. If all groups and,
thus, all mutations are considered, y; is the average
degree of structure formation with helices 1 and 3. In
the case of helix 3, we distinguish between muta-
tions that affect either tertiary contacts with helix 1
or helix 2, or none of the tertiary interactions (see
Table 3). In the case of the protein L helix, the two
other structural elements are the terminal p-hairpins
(see Figure 3 and Table 4). In the case of CI2, we do
not distinguish between different tertiary contacts.

Table 4. Helix of protein L

Mutation O] AGy AG, Tertiary contacts
A29G 0.23 241 1.0 Hairpin 1
T30A 0.08 1.31 -0.66 Hairpin 1
S31G 0.11 0.81 0.5 -
E32G 0.11 1.08 0.6 Hairpin 1
E321 0.05 1.25 0.01 Hairpin 1
A33G 0.25 2.85 1.0 Hairpin 1, 2
Y34A 0.05 2.57 -0.53 Hairpin 2
A35G 0.28 1.2 1.0 -
Y36A 0.27 2.54 -0.53 Hairpin 1
A37G 0.11 3.14 1.0 Hairpin 2
D38A -0.39 0.98 -0.69 Hairpin 2
D38G -0.05 1.89 0.31 Hairpin 2

goerimental @ values and stability changes AGy are from Kim et
The change in mtrmsm helix stability AG, is calculated from
hehx propensmes 4 The two p -hairpins of protein L are defined in
the caption of Figure 3. The information on tertiary interactions of
helical residues with the hairpins is taken from this figure.

10 20 30 40 50 60

. ! | {10
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"l
o . 30

protein A

140

50

60

Figure 2. Contact matrix of protein A. A black dot at
position (i, j) of the matrix indicates that the two non-
neighboring residues i and j are in contact in the native
structure (protein data bank file 1SS1, model 1). Two
residues here are defined to be in contact and the distance
between any of their non-hydrogen atoms is smaller than
the cutoff distance 4 A. Protein A is an a-helical protein
with three helices. Helix 1 consists of residues 10 to 19,
helix 2 of residues 25 to 37, and helix 3 of residues 42 to 56.

One reason is that there are at least three other
structural elements to consider: the three strand
pairings B2Ps, B3P4, and B1P4 of the four—stranded B-
sheet that is packed against the CI2 helix.®” Another
reason is that the degree y; of tertiary structure for-
mation in the transition-state is small for this helix.
The structural parameters y,, and y; obtained from
our analysis shown in the Figures 4-7 are summar-
ized in Table 5. We estimate the overall errors of ¥,
and y;, which result from experimental errors in P

10 20 30 40 50 60

protein L

40

50

60

Figure 3. Contact matrix of protein L (protein data bank
file 1HZ6, residues Al to A62). The structure of protein L
consists of two B-hairpins at the termini, and an a-helix in
between. The helix consists of residues 26 to 40. The hairpin
1 at the N terminus includes residues 4 to 24, and the hairpin
2 at the C terminus includes residues 47 to 62.
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Figure 4. Analysis of & values for mutations in the
helix of the protein CI2. The change in intrinsic helix
stability AG, for the 12 mutations has been calculated
with AGADIR (see Table 1). We only consider mutations
with experimentally measured stability changes AGy>0.7
kcal/mol. The Pearson correlation coefficient of the 12
data points is 0.91. From the regression line ®=0.16+
0.87AG,/AGy, we obtain the structural parameters
Xe=1.03£0.05 and »;=0.16+0.05. The structural para-
meter y, close to 1 indicates that the helix is fully formed
in the transition-state. The parameter y, indicates that
tertiary interactions are on average present in the
transition-state to a degree around 16%.

and AGy and from modeling errors, as £0.05 for the
CI2 helix and helix 2 of protein A, and as +0.1 for
helix 3 of protein A and the protein L helix. The y,
values for the CI2 helix and the helix 2 of protein A

Helix 2 of protein A

@ I Tertiary cdntacts: LI
1‘_0n0ne
= with helix 1
| e with helix 1 and 3
08
0.6
- -
0417
t .
PR P PRNEPRNPIN U ST (S S S S— R Pl

02 0 02 04 06 08 1
AG, /AGy

Figure 5. Analysis of & values for helix 2 of protein A.
The solid line represents the regression line ®=0.46+0.52
AG,/AGy for all points. The correlation coefficient of the
data points is 0.93. The dashed line is the regression line
$=0.52+0.46AG,/AGy of the eight data points for
mutations of residues that have either no tertiary interac-
tions or tertiary interactions with helix 1 (see also Table 2).
The correlation coefficient of these data points is 0.90.
From the regression lines and equation (3), we obtain the
structural parameters y, and x; shown in Table 5. The
values of y, close to 1 indicate that the helix is fully formed
in the transition-state, and the values of yx; close to 0.5
indicate that tertiary interactions are present to a degree of
about 50%.

Helix 3 of protein A

Cosf Tertiary contacts
+ none
= with helix 1
0.4 . ® with helix 2

-0.2 0 02 04 06 0.8
AG, [AGy,

Figure 6. Analysis of & values for mutations in helix 3
of protein A. The solid line represents the regression line
$=0.31-0.38AG,/AGy of all data points; the dashed line
is the regression line ®=0.24-0.25AG,/AGy of the data
points for mutations that affect the tertiary interactions
with helix 1 (or no tertiary interactions); and the dotted line
is the regression line ®=0.34 —0.43AG,/AGy of data
points for mutations that affect tertiary interactions with
helix 2 (or no tertiary interactions). The absolute values of
the correlation coefficient for these three data setsare | 7| =
0.75, 0.65, and 0.79, respectively (see Table 5).

are close to 1. This indicates that the helices are fully
formed in the transition-state ensemble. In contrast,
%o for helix 3 of protein A is close to 0, indicating that
the helix is not formed in the transition-state. ¥, for
the helix in protein L indicates a partial degree of
helix formation between 20 and 30%. Our y; values
indicate that the degree of tertiary structure forma-
tion in the transition-state is around 16% for the CI2
helix, around 50% for helix 2 of protein A, and

Helix of protein L

@03
0.2
0.1
0
-0.1
02t .- _- ‘ie:;r: cf)m.acts.
L o
04F° . . D witlh hairpilns 1 anld 2
06 -04 -02 0 02 04 06 08

AG, /AG

Figure 7. Analysis of @ values for mutations in the
helix of protein L. The solid line represents the regression
line ®=0.06+0.24AG,/ AGy for all data points; the dotted
line is the regression line ®=0.15+0.06AG,/AGy of the
seven data points for mutations that affect tertiary
interactions with hairpin 1 or none of the tertiary
interactions (see also Table 4); and the dashed line is the
regression line ®=-0.04+0.37AG,/AGy of the six data
points for mutations affecting tertiary interactions with
hairpin 2 or none of the tertiary interactions.
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Table 5. Structural parameters, standard deviations, and
correlation coefficients

Tertiary
Helix contacts Ao x SD  Irl
C12 helix All 1.03 0.16 0.14 091
Helix 2 of protein A All 098 046 0.10 0.93
With helix 1 098 052 0.12 0.90
Helix 3 of protein A All -0.07 031 0.13 0.75
With helix 1 -0.01 024 0.13 0.65
With helix2  -0.09 0.34 0.13 0.79

Helix of protein L All 0.30 0.06 0.15 0.63
With hairpin1 021  0.15 0.10 (0.30)*
With hairpin2  0.32 -0.04 0.11 0.90

The structural parameters y, and y;, estimated standard devia-
tions (SD) of the data points from the regression lines, and
absolute values of the correlation coefficient r obtained in our
model. The second column of the table indicates whether we
consider all mutations for a helix, or only mutations affecting
tertiary interactions with one structural element. The structural
parameter y; then either indicates the overall degree of tertiary
structure formation in the transition-state, or the degree of tertiary
structure formation with the given structural element. In both
cases, we have included the ‘purely secondary’ mutations that do
not affect tertiary interactions. The structural elements of protein
A and L are defined in the Figures 2 and 3. The SD is estimated as
SD = 4/ (E?ildiz) /(M — 2) where d; is the vertical deviation of data
point i from the regression line, and M is the number of data
points. We estimate the errors in the structural parameters x, and
%, which result from experimental and modeling errors, as +0.05
for the CI2 helix and helix 2 of protein A, and as +0.1 for helix 3 of
protein A and the protein L helix.

2 For this data set, the correlation coefficient r is not a
reasonable indicator of the modeling quality, since the slope of
the regression line is close to 0. The precise value of r is then
dominated by the experimental errors in ®. In our model, the
slope of the regression line close to 0 indicates that the two
structural parameters y, and y; have similar values, see equation
(3). The relatively small SD of 0.10 for this data set shows that our
model is in good agreement with the data.

around 30% for helix 3 of protein A. The y; values for
the protein L helix show a small degree of tertiary
structure formation with hairpin 1 (around 15%)
and no tertiary structure formation with hairpin 2.

To assess the quality of our modeling, we consider
two quantities: the correlation coefficient 7, and the
estimated SD of the data points from the regression
line. High correlation coefficients up to 0.9 and
larger indicate a high quality of modeling. However,
it is important to note that the correlation coefficient
can only be used to assess the modeling quality in
the cases where the structural parameters y, and y;
are sufficiently different from each other. The case
%o =t cOrresponds to a regression line with slope 0,
and hence a correlation coefficient of 0, irrespective
of how well the data are represented by this line. For
small differences of y, and y; the correlation
coefficient r is dominated by the experimental errors
in @. This is the case for the mutations in the protein
L helix that affect tertiary contacts with hairpin 1
(see Table 5). The slope of the regression line is
almost zero for this data set (see Figure 7). Here, the
relatively small SD 0.1 of the data points from the
regression lines indicates that our model is in good
agreement with the experimental data.

We only consider here mutations with stability
changes AGy>0.7 kcal/mol. Because of experimental

errors, d values for mutations with smaller stability
changes are generally considered as unreliable.?#6%.70
In our previous work,”’ we considered all the pub-
lished mutations for the CI2 helix, including those for
which AGy is significantly smaller than 0.7 kcal /mol.
The correlation coefficient 0.91 obtained here for the
subset of mutations with AGx>0.7 kcal/mol is
larger than the correlation coefficient 0.85 for all
mutations. The significantly larger reliability thresh-
old of 1.7 kcal/mol for AGy obtained by Sanchez
and Kiefhaber is based on the assumption that
different mutations at the same residue position
should lead to the same & value.”' In our model,
different & values for mutations at the same site
result from different effects on the intrinsic helix
stability G, and the tertiary free energy G;=Gn—G,.

In our model, nonclassical ® values <0 or >1 can
arise if AG,/AGy is <0 or >1. Since AGn=AG,+
AG;, this implies that AG, and AG; have opposite
signs. Our model reproduces the clearly negative &
values for the mutations D23A in the CI2 helix and
D38A in the protein L helix. Both mutations stabilize
the helix (ie., AG,<0), but destabilize tertiary
interactions (AG;>0)ll.

We have shown how to obtain a structural
interpretation of ® values for multiple mutations
within a single helix. Combined with any scale of
helical propensities, our model shows how linear
fitting of experimental data leads to two structural
quantities: the extent of helix formation in the
transition-state and the extent to which the helix
interactions with neighboring tertiary structure are
formed in the transition-state. The method gives a
simple physical interpretation of nonclassical @
values: a mutation that stabilizes a helix while
destabilizing its interactions with neighboring parts
of the protein, or vice versa. The model also explains
how two different mutations at the same site can
have different effects on the kinetics: this difference
is traced back to different effects of the mutations on
the intrinsic helix stability versus tertiary stability.
Hence, this model appears to give simple physically
consistent structural explanations for experimen-
tally measured & values.
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