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Undoubtedly, the most powerful method for characterizing side- AAG™ AG™ - AGP
chain interactions in the transition state for protein folding isghe ¢= AAG® = AGN — AGP 1)
value approach:2 The method involves comparing the effect of
conservative mutations on the equilibrium free energy of folding, whereAG™Sis the change in the free energy of the transition state,

AAG?®, to their effects on the activation free enerdyAG'S, for AGN is the change in the free energy of the native state,/s@8
folding. The ratio AAGTS/AAG®, defines thep value. Thep values is the change in the free energy of the denatured state ensemble
have a simple interpretation if the mutation does not perturb the (Figure 1b). If AGP is equal to 0, then the expression for the

free energy level of the denatured state. In this cA26G™S is just value reduces to its simpler form.

equal to the change in the free energy of the transition state, and The effects of denatured state interactions on three representative
AAG’ is just the change in the free energy of the native state (Figure ¢ values were examined. First, consider the case of a mutation
1a). Theg values then report on the relative development of side- which alters the free energy of the transition state by 0.0 kcatnol
chain interactions in a simple way. A value of 0 indicates that ~ and the free energy change of the native state by 2.0 kcat*mol
the interaction being probed is no more developed in the transition that is, ¢ = 0. Consider the effect upon this value when the
state than it is in the denatured state, wiile 1 indicates that the mutation also alters the free energy of the denatured state ensemble.
interaction is as well developed in the transition state as it is in the Figure 2 shows a plot of the resultidgvalue versus the change in
native state. In practice, most values are fractional, ranging e free energy level of the denatured state ensemi®, Here,
between 0 and 1. Fractional values can arise from partially positive AGP values represent unfavorable change§ in the.free
developed interactions or from multiple routes over the transition M€Y of the denatured state ensemble upon mutation; that is, the
barriert mutation raises the fr_ee energy of _the dt_anatured state. S_uch effects
A small but noticeable number gfvalues have been observed f:ould, for example, arise from the qlsruptlon of hydrophoblc_clust_ers
which are either less than 0 or greater thai®Thesee values, in the denatured state by the mutation of a large hydrophobic residue

. . . to a small one, or by the elimination of favorable electrostatic
sometimes referred to as noncanonical or nonclasgioalues, . . : .
. - L interactions in the denatured state, or by unfavorable entropic effects
have several potential origins. A common view is that they result

f tive int i S d K h dth t(:aused by mutation. Conversely, a negat\@® represents, in the
rom non-native Interactions. Serrano and o-workers SNowed that , 4.4, , adopted here, a decrease in the free energy of the denatured
unusual ¢ values can be due to conformational strain in the

) e state ensemble, that is, stabilization upon mutation. Such a change
hydrophobic core of proteirfsDill and co-workers have proposed gt result from a mutation which enhanced hydrophobic cluster-
an interesting alternative explanation of nonclassjcehlues® On

) ) ! k ‘ ing or introduced some favorable polar interaction. As the desta-
the basis of the results of lattice simulations, it was suggested thatjjization of the denatured state ensemble increasesy thaue

alternation of the relative flux through different pathways upon gecreases, resulting in negativealues (Figure 2). Denatured state
mutation generates nonclassigatalues. In this scenario, unusual  effects can also lead  values greater than 1.

¢ values are evidence of multiple folding pathways, and it was  Now consider a mutation which leads to a fractiopavalue,
argued that such noncanonical values could not be rationalized infor example, a mutation which alters the free energy of the native
the framework of a single reaction coordinate and sequential paths.state and transition state by 1.0 and 2.0 kcalthakspectively ¢
Here we illustrate a simple alternative explanationfealues less

than O or greater than 1, namely, denatured state effects. If denatured @
state effects are considered, simple models of folding can account
for nonclassica values without invoking changes in flux between
multiple routes on the free energy landscape or formation of non-
native interactions in the transition state. Consider the case where
a mutation changes the free energy level of the denatured state as
well as the free energy of the transition state and native state (Figure
1b). In this case, the value is still a well-defined quantity and is

still equal to the ratio oAAGTS to AAG®, but now both of these Figure 1. Schematic free energy diagram for two state protein folding. (a)

t tai tribution f the ch in the f The free energy of the denatured state is assumed not to change upon
€rms contain a contribution irom the change in the ree energy , asion. (b) The free energy of the denatured state is assumed to change

level of the denatured state ensemble: upon mutation. In both cases, the destabilization of the transition state is
the same, but the apparefts different. AGN represents the change in the
: s -
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* Department of Chemistry. transition state, andGP the change in the free energy of the denatured
§ Graduate Program in Biophysics. state ensemble.

_AAGR AGR -AGP
AAGP AGY —AGP

16492 m J. AM. CHEM. SOC. 2006, 128, 16492—16493 10.1021/ja0669878 CCC: $33.50 © 2006 American Chemical Society



COMMUNICATIONS

1.5
1.0
® $=1.0
® $=05
0.5 e $=00
o

-1.0

0.0 0.2 04 0.6 0.8 1.0

AGP (kcal mol)

Figure 2. Effects upon observegl values of changes in the free energy of
the denatured state ensemesP. Positive values oAGP correspond to

There is increasing evidence that the denatured state ensemble
can contain energetically important interactions and that mutations
can exert energetically significant effects on the denatured state
that are comparable to or larger than their effects on the native
state or transition staf€-1° Thus the possibility exists that denatured
state effects could lead ip values greater than 1 or less than O.
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