Biophysical
Chemistry

5L

ELSEVIE

R Biophysical Chemistry 1002003 397407
www.elseviercom/locate/bpc

Non-linear rate-equilibrium free energy relationships and
Hammond behavior in protein folding

Ignacio E. Sanchez, Thomas Kiefhaber*

Biozentrum der Universitdt Basel, Department of Biophysical Chemistry, Klingelbergstrasse 70, CH-4056 Basel, Switzerland

Received 19 April 2002; accepted 31 May 2002

Abstract

Non-linear rate-equilibrium relationships upon mutation or changes in solvent conditions are frequently observed
in protein folding reactions and are usually interpreted in terms of Hammond behavior. Here we first give a general
overview over the concept of transition state movements in chemical reactions and discuss its application to protein
folding. We then show examples for genuine Hammond behavior and for apparent transition state movements caused
by other effects like changes in the rate-limiting step of the folding reaction or ground state effects, i.e. structural
changes in either the native state or the unfolded state. These examples show that apparent transition state movement
can easily be mistaken for Hammond behavior. We describe experimental tests using self- and cross-interaction
parameters to distinguish between structural changes in a single transition state following Hammond behavior and
apparent transition state movements caused by other effects.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Free energy relationships and the Hammond energy relationship, formulated in 1953 by Leffler
postulate [1]. He observed that in many reactions the chang-
es in activation free energ¢yAG°") induced by

The characterization of the transition state of a changes in the mediurfisolven) or in structure

reaction is one of the main goals in kinetic studies. are Iin_e_arl_y related to the corgesponding changes
One of the oldest approaches to the characteriza-N €auilibrium free energyAG®) between reac-

tion of transition states is the rate-equilibrium free 1@nts and products. Leffler defined a proportional-
ity constant, «,, which reflects the energetic
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He postulated that this energetic reaction coor-
dinate could be understood in structural terms. In
its original formulation the Leffler postulate was
proposed for reactions in organic chemistry, in
which only one or two covalent bonds are relevant
for the progress of a reactidimicroscopic’ reac-
tion coordinatek In this situation, the ‘macroscop-
ic’ «, given by the rate-equilibrium free energy
relationship can easily be related to the ‘micro-
scopic’ one. Free energy relationships of the Lef-
fler type are generally linear over a broad range
of equilibrium free energies for the reference reac-
tion (sometimes up to 50 Kinol) and for a wide
variety of reaction rates and mechanisfgk

Deviations from linearity in the rate-equilibrium
free energy relationship are commonly observed.
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in the energy landscape of the reaction. It is an
energy maximum in the direction of the reaction
coordinate and an energy minimum in all other
directions. A second assumption is that the poten-
tial for each vibrational mode of the molecule can
be approximated by a quadratic function. The
vibration of the reacting bor{d), the onés) that
are formed or broken in the reaction, is considered
to be parallel to the reaction coordinate. Since the
transition state is located at a maximum of the
parabolic potential along the reaction coordinate,
it will shift towards the destabilized state if a linear
free energy perturbation is applidig. 1. All
other vibrational modes of the molecule are con-
sidered to be perpendicular to the reaction coordi-
nate. For those, the transition state is at the
minimum of the parabolic potential, which will
shift towards the stabilized side of the coordinate
if a linear perturbation is applietFig. 1b). These

Four major effects have been described to causegre the two ‘reacting bond rules’ in the IUPAC

these non-linearities(i) a change in the rate
limiting step, e.g. if the rate constant reaches the
diffusion limit, (i) a change in the mechanism of
the reaction(iii) a change in the energetic sensi-
tivity of the transition state relative to the ground
states, i.e. a movement of the position of the
transition state along the reaction coordinggkor

nomenclaturd6], which are sometimes referred to
as ‘Hammond effect’ and ‘anti-Hammond effect’.
The effect of the perturbation on the structure of
the transition state will be the sum of the individual
effects on all coordinates. This theory is valid for
any transition state along the reaction coordinate
and does not require the product to have nearly

(iv) two reaction series with different steric effects the same energy content as the transition state.
are compared. If the rate-limiting step or the Movements of the transition state are thus expected
mechanism of a reaction changes, a discrete jumpif the energy landscape around it has a smooth
in the position of the transition state along the curvature and different regions become limiting
reaction coordinate is observed. A transition state after a perturbatiorfFig. 2a [3], e.g. in reactions
movement will result in a rather smooth structural taking place with a continuum of mechanisms,
shift of the position of transition state upon per- such as olefin eliminations and nucleophilic sub-
turbation. Such a transition state movement is stitutions. A perturbation will not yield an observ-
related to the Hammond postulate, which states able change in the position of the maximum along
that ‘if two states, as for example, a transition the coordinate if the transition state of a reaction
state and an unstable intermediate occur consecudis a narrow energy maximum in the reaction
tively during a reaction process and have nearly coordinate(Fig. 2b).

the same energy content, their interconversion will  Since the location of the transition state is a

involve only a small reorganization of the molec-
ular structures’[4]. In other words, the structure
of a transition state should move closer to the
structure of that state that is destabilized by the
perturbation.

It is worth discussing Thornton's theoretical
explanation of transition state movemenfd. It

normalized parameter it is always defined relative
to the ground states. Consequently, the effect of a
perturbation on the structure of the ground states
also has to be taken into account in an analysis
for Hammond behavior[7]. A change in the

structure of one of the ground states of a reaction
changes the ‘length’ of the reaction coordinate.

assumes that the transition state is a saddle pointThis can lead to an apparent movement of the
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Fig. 1. lllustration of Thornton's firsta) and second reacting bond rulés). The energy landscape in the vicinity of a transition

state is approximated by a parabolic potential, both befoomtinuous ling and after(dotted line a linear perturbation(a) In the

direction of the reaction coordinate the transition state is a maximum on the energy landscape, which will shift towards the state
that is destabilizedb) In a direction perpendicular to the reaction coordinate the transition state is a minimum on the energy
landscape, which will shift towards the state that is stabilized. Adapted f&pm

position of the transition state without a change in [8] by applying self-interaction and cross-interac-
its structure(Fig. 3). It is therefore essential to tion parameters. A self-interaction parametey)
characterize the effect of a perturbation on all measures the shift in the position of the transition
states along the reaction coordinate in order to state along the reaction coordinate due to changes
discriminate between ground state effects and tran-in equilibrium free energy upon perturbation. Such
sition state movements. a shift causes a curvature in the corresponding free
energy relationship. If we adapt it to Leffler's rate-
equilibrium free energy relationship we have

2 oFf
A systematic way to analyze transition state px=&=&G2
movements was proposed by Jencks and coworkers = JAG?  (9AGY)

2. Sdf-interaction and cross-interaction
parameters

(2

Ereaction coordinate
Ereaction coordinate

Reaction coordinate Reaction coordinate

Fig. 2. Response of two parabolic potentials of different curvature to the same linear perturbation. The illustration shows that the
position of a transition state in a broad barrier reg{ahis more sensitive to the perturbation than in a narrow barrier redon
Adapted from[3,5].
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R TS p ways. Let us consider the Gibbs fundamental
(a) — | ! equation

R TS P dAGOZ AVOdp - ASOdT + EAMiCUI’li (4)
b 1 1 ]
®) ' ' where AG®, AV° AS° and SAp? and are the

R TS P differences in Gibbs free energy, volume, entropy

© | I l and chemical potential, respectively, between the

R Ts p unfolded and the native states. If we make use of
(d) | — - transition state theory9,10d, the Gibbs equation

can be applied to the activation free energy:
dAG®* = AV %dp — AS °UT + S A, thn, (5)

For equilibrium and kinetic measurements at

Fig. 3. Schematic representation of transition state movements constant temperature and different pressures Lef-
caused by Hammond behavidy) and apparent transition state fler's equation can be rewritten 481
movements relative to the reference reaction coordifate

caused by ground state effects due to changes in the structure OAG*/op AVO*
of the reactantgc) or of the productgd). a,= =
P P 9AG/ap | AVO

By definition a shift in the transition state For measurements at constant pressure and dif-
towards the destabilized state will give a positive ferent temperatures we get:

Dx

v

Reaction coordinate

(6)

Curvatures in free energy relationships are some- , _ 9AG®*/oT _ A5 7)
times difficult to evaluate because the energy range ~ 0AG°/dT  AS°

of the measurements is too narrow, the curvature
too small or the structuyenedium perturbations
have other, undesired side effed®. A way to
overcome these problems is the determination of
a cross-interaction parametép,,), which meas-
ures a shift in the position of the transition state

a7 can be seen as an entropic reaction coordinate
[12]. Its value changes with temperature due to
the change in heat capacity associated with protein
folding reactions[13]. This non-zeroAC? allows
the definition of another reaction coordindt&d]

o, (measured by the perturbatior) caused by a ACY*
second perturbatiofy . A= oo (8
r
2 (033
_ O OAGT oy 3) Egs. (6)—(8) can be considered as medium-
Pxy 0 0~ Pyx . < . .
IAGY  (IAGY(0AGY)  IAGS induced rate-equilibrium free energy relationships.

If p., is non-zero, a linear free energy relation- A Protein folding equilibrium can also be per-
ship caused byx will have different slopes when turbed by the addition of chemical denaturants,
measured under different constant amountgyf . SUCh as urea or guanidinium chlorig@dmcCl. In
Jencks and coworkers used self- and cross-inter-Most cases, the equilibrium free energy of the
action parameters to calculate the shape of the reaction depends linearly on the concentration of
energy landscape around a transition state, assumihe denaturanf15]. The proportionality constant
ing that the transition state is a saddle point in the i called the equilibriumn-value ().
energy landscapf8]. dAG°
Mea™ d[Denaturarit ©
3. Free energy relationshipsin protein folding

The meqvalue is empirically found to be pro-

Rate-equilibrium free energy relationships for portional to the difference in solvent accessible

protein folding reactions can be derived in various surface area between the native and unfolded state
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[16]. The Gibbs equation can be adapted to include mutated residue in the transition state with the
this effect. limiting cases ofp,=1 when the interactions are
0 A1/0 completely formed and =0 if they are complete-
dAG®=AV dp— ASUT +mef[Denaturarjt  (10) ly absent in the transit{on state. Usually different
Linear dependencies are also observed for the parts of the protein are probed to get a picture of
activation free energies for folding and unfolding the transition state for folding with resolution at
[17]. Accordingly, the kineticm-values for the  the residue levell23]. In most cases only one
folding (m,) and unfolding reactioném,), can be  perturbation is made for each position. This gives

defined as a free energy relationship with only two data points
ot and introduces some uncertainty in the resi#t§.
IAG?}, .
Mmp, = — 11 A recent experimental study compared the effect
d[Denaturarjt of eight different amino acid side chains at the
Thus the activation free energy becomes same position of an SH3 domain. The results show

that the¢ ~values range from 0.31 to 0.60 for the

dAGP;, = AVRidp — AS ST different amino acids at this single positi¢25)].

+m;,ddenaturart (12 Averaging the data from different positions all
Based on these observations Tanford defined aOVer & protein or in a substructure of a protein
medium-induced free energy relationstiiy]. yields an average,-value, (¢,). This parameter
is more reliable than individuap-values, but of
dAGP*/o[Denaturarit m, lower resolution[26]. Another possible structure-
ap= 9AG®/a[Denaturart ey (13) induced perturbation is the deuteration of backbone

hydrogen bonds, which can be used to calculate
In this casea, defines the relative change in  anq,, [27].

solvent accessible surface area between the unfold- | jgand binding is another source of changes in
ed state and the transition state. protein stability and thus allows characterization
Other solvent additives such as alcoh@s2,2-  of the transition statd17]. Many proteins bind
trifluoroethano), polyols (glycerol, sugars salts  jons, substrates or cofactors, and all bind hydrogen
(Na;SQ, , NaCl or D,O as solvent can also change jons at ionizable side chains. The changes in free
the stability of a protein proportional to their energy upon binding are proportional to the loga-
concentration and can therefore be used to definerithm of the ligand concentration and can be used
the corresponding medium-inducedvalue [18]. to determine an, [28—31, which represents the
Changes in solvent viscosity with changes in pinding ability of the transition state.
medium composition and temperature can be con-  The interpretation of the ‘macroscopia’ for a
siderable and non-additive and should also be protein folding reaction is obviously more compli-
taken into account19,2d. cated than in simple organic reactions. During the
Also structure-induced rate—equilibrium free fo|d|ng of a protein many non-covalent protein_
energy relationships can be obtained for protein protein, protein—solvent and solvent—solvent inter-
folding reactions. This approach was pioneered by actions are formed and broken, even for a single
Matthews[21] and Fersh{22]. It tests the relative  sjde chain. Therefore, many ‘microscopic’ reaction
energetic sensitivity of the transition state to sta- coordinates may be significant in determining the
bility effects induced by structural changes upon value of the ‘macroscopicix. The interpretation
site-directed mutagenesis. of the a-values and their changes becomes less
9AG?*/aStructure s:traightfqrward and oft_ep _reIies on empirical rela-
= IAGY/3Structure (19 tions derived from equilibrium dgtELG,BZ. Also,
for the shape of a multidimensional energy land-
The term ¢, is commonly used in protein scape more complex scenarios than a saddle point
folding literature instead ofa;. The ¢, -value are to be expected, for which the effects on the
reflects the presence of interactions made by the ‘macroscopic’ reaction coordinates are unknown

Ag=
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[33]. The description of transition states in protein —— 1
folding therefore requires as much experimental
information as possible about different ‘macro-
scopic’ reaction coordinates and their relation to
the ‘microscopic’ ones.

4. Transition state movementsin protein folding

In (Ws™)

The analysis and interpretation of kinetic data
in protein folding is most straightforward for two-
state folding. In this case a plot of the logarithm
of the single observable apparent rate constant,
(N=k,+k,) vs. chemical denaturant concentration
yields a V-shaped curve, commonly called Chevron
plot (Fig. 4@ [21,34. This plot gives information
on the refolding reaction at low denaturant con-
centrations(the refolding limb and information
on the unfolding reaction at high denaturant con-
centrations(the unfolding limb. For many two-
state folders perfectly linear free energy
relationships have been reported up to a 3@ kJ
mol range of variation in protein stabilityp,=
dap/dAGD=0) [35,36 suggesting that for those
proteins the folding transition states are narrow I
and robust maxima. For several two-state folders, T
however, non-linear free energy relationships 1 2 3 4 5 6 7
(p»#0) have been observed without evidence for [GdmCI] (M)
transiently populated intermediate states. Fersht
and coworkers proposed Hammond behavior asso-Fig. 4. (@ Plot of In X vs. GdmCI concentratiofiChevron

. . . roy plot) for wild-type tendamistat at pH 2@). The solid line
ciated with a broad transition state reglb'ﬁ' 41 shows the fit to a two-state modék=k;+k,). The dashed

as origin for these non-linearitieﬁ:ig. 5a). This lines indicate the GdmCI-dependence of the microscopic rate
interpretation has since then been commonly used constantsk, andk,. Due to the linear dependence 56° on

to explain non-linear free energy relationships in denaturant concentratioii5] the linear changes in Ik, and
profen foding. However, nondinear free energy 1 Lt e e e
relatlonsh_lps_can also be Cause.d by a c_hange Inplot fo? the C45AC73A vgr)i/ant of tendamisté®). The linear
the rate-limiting step of a reaction as discussed dependence of Il on denaturant concentration above and
above. Fig. 4b shows the chevron plot of a tendam- below the curved region indicates a shift between 2 distinct
istat variant that exhibits a non-linear unfolding transition state$42]. The solid line represents a fit of the data
mb of he chevian plot. AL ow <2 M A ) e i o o e s oo
and hlgh denaturant Concen.tratlor(s>5 .M. secutive trans)i/t?on staté§ S1 and TpSZ, cf. Fig. b Data were
GdmCl, however, then,, value is constant indi-  taxen from[42].

cating a denaturant-induced switch between two

distinct transition stated42]. This suggests a

sequential folding model with consecutive transi- ships in many other apparent two-state folders
tion states and a metastable high energy interme-(Sanchez and Kiefhaber, submitiedhis argues
diate (Fig. 5b). A recent analysis showed that the for the generality of free energy landscapes with
sequential model is also able to explain denaturant- multiple sequential transition states in apparent

induced non-linear activation free energy relation- two-state folding and shows that the analysis of

In (Ms1)
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Fig. 5. Different possible origins for a denaturant-induced
movement of a protein folding transition state along the reac-
tion coordinate. The lines represent two-dimensional free ener-
gy landscapes at a lowt—) and at a higher denaturant
concentratior(--++). The arrows indicate the point on the reac-
tion coordinate with the highest free energg) Movement
along a broad transition state region with a continuum of states
with similar free energy in accordance with Hammond behav-
ior. (b) Sequential transition states with a metastable high ener-
gy intermediate. If the intermediate) is less than stable than
both the native state and the unfolded state under all conditions
apparent two-state folding will be observed.

non-linear activation free energy relationships can

I Chemistry 100 (2003) 397-407 403
tendamistat folding the denaturant dependence of
the folding reaction was measured at different
pressured43]. This allows the calculation of the
pressurgédenaturant cross-interaction parameter
(pp,). Fig. 6 shows equilibrium transition curves
and chevron plots at pressures between 20 and
1000 bar. Increasing pressure destabilizes tendam-
istat leading to a shift of the GdmCl-induced
unfolding transition to lower GdmCI concentra-
tions (Fig. 63 and indicating that the native state
has a larger volume than the unfolded state. The

pd
°
f oy
o
©
g

15 v T L v T Ll ]

(b)
1.0} .
P p
o5}

© 00} -
<

£ -0.5¢ 4

1.0k -

15k ]

1 1 1 1 1 1 1
0 2 4 6 8
[GdmCI] (M)

be used to characterize the mechanism and theFig. 6. Effect of pressure and denaturant @ the stability

properties of free energy barriers in protein folding.

5. Crossinteraction parameters in protein
folding.

and (b) the apparent folding rate constatit) of wild-type
tendamistat at pH 2. The lines represent a global fit of the
GdmCI and pressure dependence of the equilibrium constant
(Key and the microscopic rate constartsand k;, according

to the two-state model. The arrows indicate the effect of
increasing pressure at constant denaturant concentration on the
fraction of native molecule§a) and on the apparent folding

Cross-interaction parameters have rarely been rate constantb). The data sets were taken at 20, 200, 400,

used to characterize protein folding reactions. For

600, 800 and 1000 bar. Data and fits were taken f{dfj.
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Fig. 7. Effect of0AGS ona,, (a) and onmeq (O) m, (&) andm, (O) (b) for the pressurélenaturant perturbation of tendamistat
folding. The linear fits(solid lines give values ofp,,=da,/dAGS=0.025+0.006 mofkJ (a) and om,/dAGo=—0.10+0.01
M™%, 9m;/dAG=0.11£0.05 M~ anddmey/dAG=0.01£0.04 M~*(b). The data are taken from individual fits of the Chevron
plots shown in Fig. 6b at different pressures and were re-analyzed according (bSEq.

reaction volume was found to be independent of data were used to calculate the denatyfprgssure
the GdmCI concentration and the.;value inde- cross-interaction parameter
pendent of pressure, which shows that the ground

states are not effected by the perturbations pr:%z%: Pop (15)
(9meq/ 9p=03V°/9[GAMC]=0). The m~ and m,- IAG, 9AGp
values, in contrast, are pressure dependéi. Fig. 7 shows the effect of on the,-value for

6b). Increasing pressure leads to a more native the denaturant-pressure dependent folding data
like transition state as judged by its solvent acces- shown in Fig. 6. Thex,-value increases signifi-
sible surface aredincreasedn -value, decreased cantly with decreasing stability indicating a posi-
m, value). As postulated from the Gibbs funda- tive p,,-value (Fig. 7a. Fig. 7b shows that the
mental equation(Eqg. (4)) this transition state  effect of is only observed in the kinetie-values
movement is also observed as a denaturant-while m., is unchanged due to compensating
dependent increase in the volume of the transition changes inm, and m,. This indicates a true
state. The data in Fig. 6a,b were fitted glo- denaturantpressure-induced transition state move-
bally with am,/dp=0AVP*/d[GdMC|=2.5+ ment. It is not clear, however, whether a single
0.6 (cm®/mol)/M [43]. Interestingly, the volume transition state changes its structure according to
of the transition state exceeds the volume of the Hammond behavior or whether a switch between
native state at high denaturant concentrations astwo barriers on a sequential pathway occurs as
indicated by a decrease in the unfolding rate observed ina, analysis of the C45AC73A ten-
constant with increasing pressure above 5 M damistat variantFigs. 4 and 5h

GdmCI (Fig. 6b). This scenario is not treated in For wild-type tendamistai44] and the C45K

the original Leffler postulate that the properties of C73A variant [42] the temperature-denaturant
the transition state are between those of the reac-cross-interactions parametéys,;) were measured.
tants and the products. The denatufanéssure-  For both transition stater'S1 and TS2 in Fig. b
induced non-linear activation free energy p,rwas zero indicating narrow barriers.
relationships in tendamistat indicate a transition  The popularity of thep-value analysis of fold-
state movement towards a less solvent-exposeding transition states provides a wealth of data on
structure when the protein is destabiliZ@®]. The ap, AG® and AG?: for many variants of several
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proteins. This allows the calculation of denatuyant from apparent transition state movements caused

structure cross-interaction parametérsg) to ana- by ground state effectésee above and Fig.)3In
lyze the effect of a change in protein stability the following we will present a way to analyze
(AG®) caused by a structural change on thg- data from mutational studies that allows a distinc-
value, i.e. on the relative change in solvent acces- tion between the different possible origins of the
sible surface area in the transition state. observed transition state movements.

_ dap _ 0b (16) 6. Ground state effects vs. Hammond behavior
Pps=aaGY ™ aaGy ~ PsP '

For several proteins non-zepg,s-values were A change in the structure of one of the ground

reported in literature which would indicate broad states of a reaction changes the ‘length’ of the
transition barriers with a continuum of energeti- reaction coordinate, which can lead to an apparent
cally similar states[37,39,40,45 However, one movement of the position of the transition state
has to distinguish genuine Hammond behavior without a change in its structufgig. 3). Genuine

1.0

0.8

0.6}

0.4

0.2f

0.0 L L L 1 L 1 L L 1 L 1 N I
-24 -20 -16 -12 -24 -20 -16 -12

AGS (kJ/mol) AGY (kJ/mol)

0.4} .

(o}
m ((kJ/mol)/M)

0.2

0.0

1 1 1 1
-30 -20 -10
AG2 (kJ/mol) AGE (kJ/mol)

Fig. 8. Effect of ondAGS om, (a, © and onmeq (O) m, (&) andm, (O, b, d) for the mutatiogidenaturant perturbation of protein
L (a, b and Cl2(c, d). The linear fits(solid lines give values ofp,s=da,/dAGI=3.8+0.8xX 103 molkJ (a), am,/dAGI=
0.01£0.01 M™%, 9m,/0AG9=0.18+0.02 M~* anddmey/0AGI=0.19+0.02 M~* (b) for protein L and ofpps=dap/dAGI=
5.1+0.7x10~% molkJ (C), am,/dIAG= —0.024+0.004 M~*, om,;/0AG9=0.09+0.01 M~* anddm.y/9AG9=0.06+0.01 M~*
(d) for ClI2. The data are taken from rgb9] for protein L and from ref[23] for CI2 and were re-analyzed according to E&6).
Only mutants withAG®°< — 10 kJmol were analyzed due to the larger errors in the analysis of the more unstable variants.
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Hammond behavior moves the transition state
away from one ground state and closer to the other
one (Fig. 3b). Applied to denaturant-dependent
folding reactions this will result in compensating
effects on them,- and m,-values and a constant
mesvalue, as observed for the presstdenaturant
cross-interaction parameter in tendamigfigs. 6
and 7. The discrimination between ground state
effects and real transition state movements there-
fore requires the analysis of the effect of a change
in AG° on both the equilibrium and the kinetic m-
values. Fig. 8 shows the effect of a change in
AG°induced by mutationsAG? on the,-values
(panels A and € and on themc;, m~ and m,-
values for protein L(Fig. 8 a,p and CI2 (Fig.
8c,d). Both proteins show an increasinrg,-value
with decreasing protein stability in accordance with
Hammond behaviofFig. 8a,0. However, the ori-
gins for the changingx,-values are different in
the two proteins. In protein L the,value chang-
es significantly upon mutation indicating structural

LE. Sanchez, T. Kiefhaber / Biophysical Chemistry 100 (2003) 397407

may be disrupted by mutations and thus lead to
changes in thenesvalues[58].

The results on protein L stress the need for an
analysis of thenes, m and m,-values to distin-
guish genuine Hammond behavior from ground
state effects. Accordingly, a ground state effect can
also be mistaken for transition state movement if
the effect of a change in only one of the activation
free energies omy, is considered, which is com-
monly done in analysis of experimental ddf.

7. Conclusions

Self-interaction and cross-interaction parameters
are useful tools to detect non-linear rate-equilibri-
um free energy relationships in protein folding.
They can give valuable information on the shape
of free energy barriers and thus on the mechanism
of protein folding. However, non-linear free energy
relationships in protein folding can have different
molecular origins like a change in the rate limiting
step of the folding reactiofFig. 4b) or Hammond

changes it at least one of the ground states. Thebehaviour (Fig. 8 c¢,d. As in simple organic

value of m, changes by the same amountrag,
while m, is essentially independent of protein
stability (Fig. 8b). This indicates that the structure
of the transition state does not move relative to
the structure of the native stafef. Fig. 3). The
increased inm.; and m-values point at the dis-
ruption of interactions in the unfolded state upon
mutation, which leads to a less compact unfolded

reactions structural changes in proteifs.g. a
point mutation can significantly change the struc-
ture of the native state apdr of the unfolded
state leading to ground state effects. These effects
can, however, be distinguished from genuine tran-
sition state movement if the position of the tran-
sition state relative to both the native state and the
unfolded state is determined.

state. These results show that the apparent shift inAcknowIedgments

the position of the transition state along the reac-
tion coordinate seen for protein L is a ground state
effect on the unfolded state rather than Hammond
behaviour. In CI2 a change in stability indeed
results in opposing effects on, and m, accom-
panied by a significant change in thevalues.
The small change im, indicates transition state
movement in addition to ground state effects.
Structural changes in the unfolded state can be
rationalized in the light of the results on the
structure of unfolded proteins. Recently, several
high resolution NMR studies have shown that both
native-like and non-native-like interactions are
present in unfolded states of several protd#&—

59] including protein L[57]. These interactions
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