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because most fold in a two-state manner>N.1%22 Under
these conditions, intermediates do not accumulate. As a
; result, often the TSE is the only point on the pathway that
1. Introduction can be characterized, although native-state hydrogen ex-
One of the central problems in structural biology is how change methods can describe intermediates that form after
the amino acid sequence of a protein codes for its 3D the rate-limiting stef®?° Unfortunately, TSs cannot be
structure. This area of research has become particularlytrapped and studied by the usual structural methods, and
important with the advance of numerous genome projects_de.talﬁed characterization of the ensemble is difficult with
Their success provides motivation for “structural genomics” €xisting methods.
projects, the identification of the structure and function of  Mutational ¢ analysis has been a major method for
the entire protein complement of an organism. characterizing the structure of TS's for protein foldihg?
Attempts to determine structure from sequence alone haveand other reaction®:3In this approach, the energetic effect
yet to succeed satisfactorihElucidation of the mechanism  of an amino acid substitution on the folding activation energy
of protein folding can play a major role in structure relative to its effect on equilibrium stability, quantified @s
prediction. In addition, the understanding of the folding = AAG%/AAGe, is interpreted as the extent to which a
mechanisms has tremendous implications to human healthmutated residue is involved in the formation of the TS.
as well as biological function. The presence of misfolded, Values of zero and one are taken to indicate that the influence
kinetically trapped protein conformers has been implicated of the side chain is either absent or fully present, respectively,
in a large number of human diseases (e.g., Alzheimer’s, BSE/in the TS.
Mad Cow, Huntington's#), while the ubiquitous presence However, in protein folding studies, the reliability of the
of folding chaperonés’ testifies to the importance of the mutationalkp analysis to accurately identify TS structure has
kinetics of folding in many cellular activities. The existence become a subject of much deb&te'? Interpretational issues
of partially disordered proteins such as instiind protease  arise because mosgtvalues are fractional, generally lying
inhibitors; as well as “natively unfolded” proteiri8whose in the range of 0.2£0.5383%941.4349 These intermediate values
folding is coupled to binding highlights that folding can  might be due to either partial structure formation in the TS
or the presence of multiple TS structures. Furthermore, if
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Fax: 702-0439. E-mail: trsosnic@midway.uchicago.edu. reduce the fraction of states in the ensemble that involve
T Department of Biochemistry and Molecular Biology, University of this residue and thus generate a lower than expegted
Chicago.

* Institute for Biophysical Dynamics, University of Chicago. value?0:41:46

§ Present address: Department of Microbiology and Molecular Genetics, it ; AL ;
Harvard Medical School, 200 Longwood Avenue, Boston, Massachusetts In addition, ¢ values, which largely probe side-chain

02115, interactions, generally do not identify the interacting partner-
'Present address: Department of Biochemistry 355 Roger Adams Labora- (s) inthe TS. Examples of non-native interactions generating
:Er)élusnd\{z.ersny of lllinois Champaign-Urbana 600 South Matthews Urbana, otherwise reasonabl¢ values have been fourféi59-52 In

0 Department of Physics, University of Chicago. general, the effects of an amino acid substitution can depend

10.1021/cr040431q CCC: $59.00 © 2006 American Chemical Society
Published on Web 04/22/2006



Characterizing the Protein Folding Transition State

Tobin R. Sosnick was born in 1961 in Woodland, CA. He received his
B.A. degree in Physics from The University of California, San Diego, and
his Ph.D. degree in Applied Physics studying momentum distributions in
superfluid helium in 1989 from Harvard University working under the
supervision of Paul Sokol. He was a postdoctoral research fellow with Jill
Trewhella and Cliff Unkefer at Los Alamos National Lab (1988-92) and
with S. Walter Englander at The University of Pennsylvania (1992-5).
After a year as a research assistant professor at UPENN he joined the
faculty at the University of Chicago in 1996.

Chemical Reviews, 2006, Vol. 106, No. 5 1863

Robin S. Dothager was born in 1979 in Vandalia, IL. He received his
B.A. degree in Chemistry under the supervision of Dr. Jianjun Wang from
Southern lllinois University at Carbondale in 2001. He then joined the lab
of Dr. Tobin Sosnick as a research technician at the University of Chicago,
where he began folding studies of small proteins. In 2003 he commenced
his Ph.D. studies under the direction of Dr. Paul Hergenrother at the
University of Illinois, Champaign—Urbana. His current research includes
identification and mechanistic studies of novel small molecules for treatment
of malignant melanoma.

Bryan A. Krantz was born in 1974 in Cincinnati, OH. He received his Michael C. Baxa was born in 1980 in Plano, TX, before being transplanted

B.A. and B.S. degrees in English and Chemistry at Emory University in
1996 and his Ph.D. degree at the University of Chicago in 2002, studying
the kinetic mechanism of protein folding with Tobin Sosnick. He is
continuing postdoctoral research at Harvard University with John Collier,

to lllinois. He received his B.S. degree in Physics and Mathematics from
Western lllinois University in 2002. He joined Tobin Sosnick’s lab in 2004
as a Ph.D. candidate in Physics and is currently applying 1 analysis to
very fast folding proteins.

where he is engaged in understanding the processes of protein unfolding

and translocation through toxin channels. discuss this new method along with a comparison to standard
mutational techniques as well as the implications to our

on an indeterminate combination of local, long-range, native ,ngerstanding of TS structures, topologies, and heterogeneity
and even non-native interactions, and secondary structurgperein.

preferences. As a consequence, the translation of fractional
energetic changes quantified by thealue into the language :
of Tg structuregis dqifficult. y M 2.9 and Y Analysis
Motivated by this issues, a number of methods have been
developed recently to probe TS structures includipg
analysis®®#147 kinetic amide-isotope effects;%” and the In ¢ analysis, as with its forebear Branstéand Lefflef®
incorporation of non-natural ester backboPfes. v analysis, analyses, the stabilization of the TBAGY, due to an
the focus of this review, engineered bi-Histidine (biHis) energetic perturbation is plotted relative to the change in the
metal-ion binding sites are introduced one at a time at known equilibrium stability, AAGeq (Figure 1). In folding studies,
positions throughout the protein to stabilize secondary andthe proportionality between these two quantities is termed
tertiary structures. The addition of increasing concentrationsthe ¢ value, where¢p = AAGHAAGe, rather than the
of metal ions stabilizes the interaction between the two Brgnsted slopef, which is applicable to covalent bond
known histidine partners in a continuous way. The analysis formation®® This linear fit parameter, whether it i or 3,
thereby is able to quantitatively evaluate the shift in the TSE is the proportion of equilibrium energy realized in the
resulting from the metal-induced stabilization of the biHis interaction or bond at the rate-limiting step.
site. The translation of a measured value to structure This rudimentary form assumes a constant, linear slope,
formation is straightforward because the proximity of two implying that the perturbation does not alter the TSE.
known positions is probed. In the following sections, we will Rigorously multiple measurements are required to prove a

2.1. y Analysis and biHis Binding Sites
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. . . . . Figure 3. Thermodynamic states consideredyinanalysis. The
Figure 1. Leffler plot applied to protein folding. In traditional U, TSupsent TSoresens and N states bind metal wiﬁq affinities kf,,

analysis, thep value is the slope of a two-point fit between the S K S andKy. respectively. The dearee of TS hetero-
wild-type and mutant protein. When there is TS heterogengity, géﬁéﬁy’ ispée;?{‘}]éd ap =N’[TSE rﬁ/[TSy. 1 9
values underestimate the relative importance of an interaction. For abse prese

a completely nativelike interaction, but which is present in onl ; ; i T i ; ;
50% ofpthe 'I)'/SE Keq = 1), destabilizing mutations 0?‘ 0.4, 1.3, andy Y analysis, Whlch utilizes bIHIS metal-bln_dlng sites, I
2.7 kcal mot? reduceKeq to 0.33, 0.09, and 0.01, respectively. anglogou_s to mut_atl(_)na;l a.naIyS|s. HOW‘?VG“ instead O.f anl
The corresponding values will be 0.42, 0.26, and 0.15, even amino acid substitution, divalent metal-ion concentration is
though the contribution of the residue to the TS of the wild-type Vvaried to perturb the stability of a specific region (Figure
protein is ¢(0) = 0.5. Hence, the desirability of having large 2). For each biHis variant, a continuous range of values for
energetic perturbations to generate accugatealues’ can be  the change in folding rate and equilibrium stabilityAG*
detrimental to c_orrectly assessing the contribution of a_reS|due 0 5nd AAGq, are obtained, which can be presented in the
the TSE. (Reprinted with permission from ref 35. Copyright 2004 Leffler plot.

National Academy of Sciences, U.S.A.) Our interpretation of such data takes into account the shifts
in the native (N), unfolded (U), and TS state populations
due to binding of the metal ion to each of these states (Figure
3). In the N state, the biHis site is preformed and binds metal
with a dissociation constamty. The U ensemble normally
does not have the histidines positioned to bind metal.
Nevertheless, after a conformational rearrangement with an
equilibrium constany, the chain can bind metal (M) with a
dissociation constari*y

21— y K*y
2 Uabsent+ M- Upresent+ M Upresen'tM (1)
~ | =
S ‘-é This reaction is equivalent to the simplified reaction
LgF .
o
- with an effective dissociation constant
O
g KU — K*U %‘1

The increase in protein stability upon addition of metal is
given is given by a linked equilibrium expresstn

10° 10° N 10 10°
[Co™ ] (M) AAG,= RTIn

Figure 2. Sample biHis sites located in ani4 arrangement on

a helix and across twg strands. Increase in folding stability upon ) . ,
addition of divalent metal ions from folding kinetic®) and from Folding rates are calculated assuming two classes of TS’s,

denaturant melts®) for the Sitek Ub variant’? (Inset) Standard ~ according to whether the biHis site is preseki®¢" or
GdmCl denaturation profiles at different [€9 that are fit to a absent k2bse™, In the first class, TGesent the biHis site is
two-state equilibrium model. (Reprinted the permission from ref present in a native or near-native geometry with a dissocia-

1+ [MV/K,

1+ [MI/K, @

41. Copyright 2004 Elsevier.) tion constanKrgesent The associated backbone structure is
folded, for example, in a helical gi-sheet conformation.

linear relationshig®“¢However, often in folding studies, only In the second class, TS the biHis site is essentially

a single alanine substitution is examined, which is insufficient absent. However, just as metal-ion binding can occur in the

to support the linear relationship. Fractional values, U state upon a conformational change that brings the two

therefore, could be due to TS heterogeneity, fractional histidines into close proximity, metal-ion binding in the
energetic interactions, or combinations thereof. TSapsent State can be considered upon a conformational
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change, T&sent-present With an equilibrium constantl.
Although the TSpsent-presentcCONformation can bind metal, it

is distinct from TSQresent TSabsent-present dO€S NOt have a
nativelike backbone structure (otherwise allowing for binding
in TSapsentwould be redundant to the possibility of binding
in TSpresen)- After accounting for the conformational change,
the site has an effective dissociation constapfke" As a
result, the model considers two TSs, each having their own
effective binding affinities, KsPesemand Kys2osent

As per Eyring reaction rate theof$the overall reaction
rate is taken to be proportional to the relative populations of
the TS and U ensemblédg,[d [TS]/[U]. The net folding rate
is the sum of the rates going down each of the two routes,
ki = kpresent- kabsent Under conditions where metal-binding
equilibrium is established faster than the folding rates (which
has been observed experimentally via the agreement betwee
AAGe, determined from equilibrium and kinetic measure-
mentdt49, the effect of binding can be obtained from the
accompanying population shifts of each of the states.

[TSpreserl + [Tspresen'tM]

kf — kpresent 8 kabsentD

[U] +[U-M]
[TSapcerd + [TSapseriM]
[U] + [U'M]
— [TspreSer‘l 1+ [M]/ KTSPI'ESem
[TSapsent 1+ [MJ/K TSabsem
L Tk,
or
I<f = kopresenil- + [M)/ KTSPresent

1+ [MJ/K,
+ [M] / KTSabsent

absen;]'
1+ [M)/K, “)

wherekgPeseM[] [TSpresent/[U] and ko256 [T Sapserd/[U] are

the rates through each TS class prior to the addition of metal

with a ratio p, = k20sekPresent By examining shifts in

populations, this treatment avoids any assumptions about

possible pathways connecting each of the different metal
unbound and bound states.

Normalizing by the rate prior to addition of metal iok°(
= ko2bsent+ K presenj and substituting for metal dependence
of the stability from eq 2 yields

ke

(kopresent 4 koabsenj + (kopresen}KTSpresent i koabseanTSabserj[M]
(kopresent+ koabsenj(l + [M]/ KU)

1D bepacerr (5)
a a

where
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a=Ky—Ky
rese absent abse resent
ko™ K™ kK

KTSpresenkTSabsen(kopresent 1 koabserj
(6)

The kinetic data, presented in the form of a Leffler plot
(Figure 4A), is linear or curved depending upon the relative
values of the binding constants and the degree of TS

heterogeneity. Despite the apparent complexity of eqs 5 and

A)
=
3__
T w,=1 site present in .
g 2+  entire TS cr}scmblc
B d v,=0.9
x 1
g =0.1
= 04 gt v
< site absent
0 1 2 3 4
AAG_ (kcal mol™)
eq
5) TS v 3
absent b
flux =91% flux =9%
k:h.\em e 10 kub.\-z.'m = 10
[M*]
U p=10/1 N U =10/100
2 AAG, = S N
k preseni _ 1 2.86 kcal mol! -
G k{)l’f.'.!tﬂf = 100
flux =9% flux =91%
/"“-\\\ .
TSpr@sem ':a“' \

Figure 4. v analysis and TS heterogeneity. (A) Generalized Leffler
plot for v, = 0, 0.1, and 1 (lower panel) and the derivative of
each of the traces (upper panel). The= 0.1 trace is applicable

to the scenario shown in B with the thickened lines illustrating the
initial condition and after~3 kcal mot™ of metal-induced stabiliza-
tion. (B) Application ofy analysis to a two-route scenario with a
helical site with native binding affinity which is formed on 9% of
the pathways prior to addition of metal. The absent route contains
a TS that has the same binding affinity as the U state. The folding
rate for the route with the biHis site presekit¢e" lower pathway)
increases from 1 to 100 upon addition of 2.86 kcal Tholf metal-

ion binding energy at 20C. This enhancement increases the flux
down the metal-ion-stabilized route relative to all other routes
(kabseny - from p, = kabsenfkpresent — 10/1, to metal-enhanced
condition,pz = 10/100. The correspondingvalues increase from

Yo = 0.1 toys = 0.9. The binding energy required to stabilize a
TS and switch a minor route to a major route identifies the barrier
height for this route relative to that for all other routes. (Reprinted
with permission from ref 35. Copyright 2004 National Academy
of Sciences, U.S.A.)
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6, the data can be fit with a single parameter corr _ Y,

wo +e AAGeqb'H'SIRT(

Yo (11)

AAGH, = RTIN((L — 1) + p 0% Y (7) 1=v0)

so thaty " is the instantaneous Leffler slope at which the

where the slope at the origin is metal-ion binding energy is exactly offset by the change in
stability due to the biHis substitution. This correction is
Ky { Ky justified as both metal binding and the biHis substitution
0 Ky — Ku\ K_ absen affect the same region of the protein. With this correction,
TS the y values for all the biHis variants can be combined to
KnKy { 1 1 \ k Present construct an accurate representation of the TSE that is

Ky — KU\K present 3¢ absen}k prsent | absert (8) appropriate for the wild-type protein prior to any perturbation
TS TS 0 due to biHis substitution or metal binding.
When one TS class has a distorted biHis site with non-
The instantaneouslope, termed the value, as a function  native binding affinity KrsPese"= Ky) while the other class

of binding stability, is given by has U-like affinity Krs*se"'= Ky), the initial slope is the
degree of heterogeneity multiplied by an additional factor
A AG*f v, representing the differential binding affinity between,Esn

Y= = T AAGIRT 9 and N
IAAG,, (1- e ofRT | Y,
K K present__ K kopresent
N TS U

There are two scenarios where the slope is linear. In the first %0 = K_Present K — K present,,_ |, absent (12)
scenario, the slope is zero across all metal concentragion ( TS N vk Ko
= 1, = 0). This behavior occurs when metal-ion binding . )
does not increase the population of the TSE relative to U. Curvature can also occur in a homogeneous scenario when
The entire TSE lacks the binding site, or more rigorously, the singular TS has a distorted biHis site with non-native
the ensemble has the same binding affinity as the unfoldedbinding affinity. Here the curvature reflects the stabilization
state. At the other limit, the slope is ong & . = 1), of the single TS relative to U. The initial slope ig =

indicating that the entire ensemble has the binding site [Kn(Krs — Ky)l[[Krs(Kn — Ku)]. In this situation, the

Outside of these two linear situations, the Leffler plot will fEMains unchanged, with the biHis site formed with unfolded-
' like or nativelike manner in the entire TSE, respectively.

be curved as added metal continuously increases the popula- ) . -
tion of the TSE. In such cases, the CL}/rvature can be %UF()-:‘ to. Whenthere is both TS heterogeneity and the site is formed
TS heterogeneity or non-native binding affinity due to a " the TS having affinitiekrs”**"= Ky/o. and Krgthsent=
distorted biHis site in a singular TS (D. Goldenberg, private Ku/, the initial slope is given by
communication) or a combination thereof.

: (L—fKy oKy —pKy kP

In the heterogeneous scenario, one can consider the (13)
simplified situation (Figure 4B), where FSenhas the biHis ° Ky— Ky Ky — Ky k,Present+ ko""bs‘-‘”t
site present with nativelike affinitykrsPesent= Ky) while
TSapsenthas the site with the unfolded-like affinitK¢s®®**™  The origin of fractionaky values, being due to a heteroge-

= Ky). Here only the TgesenState is stabilized upon addition  neous TSE or a homogeneous TS with a distorted site, may
of metal ion. The height of the kinetic barrier associated with pe jgentified through the use of multiple metal ions that have
TSpresendecreases to the same degree as does the native statgifferent coordination geometries. These ions are likely to

kpresent= PresegAACedRT, The instantaneous slope simplifies  manifest the same value in the case of TS heterogeneity
to the fraction of the TSE which has the biHis site formed pyt gifferent values for a single TS having a distorted biHis

at a given metal-ion concentration site. In the latter case, the different coordination geometries
are likely to result in differential fractional binding affinity
v Kpresent (10) inthe TS, i.e., the metals should stabilize the TS to different

extents, relative to the stability they impart to the native state,
and thus, they would return differemit values. In contrast,
o o thewy value is expected to be the same in the heterogeneous
In the simplified situation, the degree of pathway heteroge- scenario as it only depends on the fraction of the TSE which
neity prior to addition of metal ions is given hy, the slope  has nativelike binding affinity and not the magnitude of the
at zero stabilization. The Leffler plot exhibits upward pinding affinity in the native state which can vary from metal
curvature as thgy value increases with added metal binding  to metal. Support for the heterogeneous scenario was found
energy. Generallyy) values continuously vary between 0 in the folding of common-type acyl phosphatase. The same
and 1 at the Iimits. of infir_wite TS destabilization and fractionaly value was obtained using Xi zn?*, and Cé*
stabilization, respectively (Figure 4A, upper panel). For jons, which prefer octahedral, tetrahedral, and square planar/
example, when the value is 0.5, one-half the TSE has the gctahedral coordination geometri@gnd stabilize the native

- kpresent 1 koabsent

site formed. state by 1.5, 0.9, and 0.7 kcal mé|l respectively (Pandit,
The introduction of the biHis substitution itself alters the = A; Sosnick, T. R. Unpublished data).
stability of the native state by the amourtAG s, We An alternative strategy to investigate whether fractional

correct they, value in order to account for this change in 1 values represent TS heterogeneity is whether the stability
stability by of the TS structure with the site present can be altered via
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4
o...m Folding
34
r=0.95 9“é§ .- Fates, o>
2 O 0
gt g-op
X 1 ’_-‘".
c e :
= 0- e Unfolding
Rates
|3
-1
o
2= r=0.99
Bt = 0.32
3 T T T T T T
1 0 1 2 3 4 5
AAGWRT

Figure 5. Leffler plot for the Glu24 mutants of Fyn SH3 domain.
The fractional, linear behavior indicates the site is partially formed,
rather than formed in a subpopulation of the TSE. (Reprinted with
permission from ref 48. Copyright 2002 Elsevier.)

mutation (without perturbing the binding site); if tigevalue

responds accordingly, as we observed in the coiled coil (see

below)#” the heterogeneity model is the most parsimonious.
In principle, they-analysis formalism can be applied to
any perturbation, such as an appropriate series of mutdfions.

In order for this strategy to be successful, each mutation

should affect the stability of the TS in a similar manner.

Otherwise, the data points cannot be combined and fit using

a singley value. Finding such mutations may be difficult

as most residues are chemically and sterically dissimilar. This

dissimilarity may result inp values at a given site being
quite disparate when different pairs of residues are compare
Therefore, it is very difficult to obtain a suitable mutational

data set with enough high-quality data points to evaluate

using they-analysis formalism.
Nevertheless, a constapit?* = 0.32 was observed over a
dozen substitutions at a turn position in Fyn $H8ven

though these mutations spanned a stability range of 4 kcal

mol~* (Figure 5). This linearity indicates a uniform 32%
interaction in the TS and not pathway heterogeneity. This

result is unexpected as the E24 side chain is involved in
electrostatic interactions and hydrogen bonds. It seems

unlikely that the same fractional interaction can be main-
tained across the whole library of chemically distinct
substitutions. However, the correlation ANGeq with the

I-site frequencies suggests otherwise, and no reasonabl

alternative is apparent.
The analysis of metal binding presented here is slightly
different than that presented in our earlier pagéféwhere

curvature was only associated with the heterogeneous mode

With the explicit inclusion of the binding affinities in the
TS, Krs?sentand Krs?Psent the f value,f = AAG/AAGe, is

no longer required. It is generally not constant as it depends
on metal-ion concentration, except in the two linear scenarios

wheref = 0 or 1.

Fersht presented an alternative model for his analysis of

biHis metal binding daté&* Although his model results in a

similar functional form as the one we have presented here,

the curvature in the Leffler plot is interpreted in the context
of population shifts accompanying ion binding in the
unfolded state. The model omits consideration of new
interactions between the metal ion and the TS beyond thos
which already occurred in the unfolded state, as the

metal concentration for the route starting from the unfolded

Chemical Reviews, 2006, Vol. 106, No. 5 1867

state already bound to metal. Furthermore, Fersht proposed
models very similar to ours, where the perturbation, be it
mutatiort® or ligand bindingf® is accounted for by altered
TS stability, which is not directly considered in his more
recent model.

In addition, his more recent proposal that the observed
curvature and fractiona) values are due to unfolded state
binding seems inappropriate for two biHis sites located
between the amino and carboxy strands in ubiquitin that are
separated by 60 residues in the primary sequence (see below).
It seems inconsistent to interpret these sites’ fractigmal
value being due to metal binding in the denatured state while
treating the adjacent site’s unity value as binding in a
nativelike manner in the TS.

2.2. Utility of biHis Sites

Rather than studying the effects of altered side chajns,
analysis uses deliberately placed, metal-ion binding sites to
probe the fraction of the TSE that has the two histidines
positioned to bind metal. The strategy of using engineered
metal-ion binding sites in biochemical studies has an
extensive histor§® 3 The incorporation of biHis sites on
the surface of a proteiff, as done iny analysis, is
straightforward compared to the introduction of buried sites
with four side-chain ligands inside a protein, which can be
an involved design proce$’°The three helical I;+4 biHis
siteg® inserted in the GCN4 coiled coil and ubiquitin (Ub)
worked as intended, as did 12 out of the 14 other, nonhelical
sites on the surface of Ub.

An important functional distinction exists between metal-

glion binding sites located on the surface and those which are
buried. With surface sites, the metal-induced stabilization is

specific to a particular structural element, such as a helix or
hairpin. The region of the protein can be prefolded, with
overall stabilization being given by a linked equilibrium, as
given in eq 1. With buried sites, however, a metal ion
generally is required for the cooperative folding of the entire
protein, for example, a zinc finger proteihAccordingly,
the binding-induced stabilization is not readily assignable
to a particular element. However, shifts in the binding affinity
are extremely useful for assaying structural perturbations in
other parts of the protein, such as changesfirsheet
propensity?® according toAAG™®@" = —RT |n(K mutanf
Kgh-vpe),

Titrating metal-ion binding biHis sites enables the acquisi-

(?ion of finely spaced, accurate kinetic data required to identify

and fit nonlinear Leffler plots. This strategy can be used with
endogenous metal binding sites as W€lThe use of the same

Iprotein iny analysis enables perfect cancellation of the

attempt frequency (i.e., the prefactor in reaction rate theory),
as opposed to mutationatanalysis studies which assume
the same attempt frequency for the wild-type and mutant
proteins AAGH RT In [(kYPekemut@any/(Kaempl ¥PY
Katemp“@] ~ RT In [k"vPekmu@n]). Furthermore, the
biHis—metal interaction is unambiguous because the two
histidine partners are known. Therefore, the method directly
measures a single interaction and reports on chain topology
rather than a complicated and indeterminate mixture of local
and nonlocal interactions as is frequently the case in
mutational studies.

€23 Application to the GCN4 Coiled Coll
microscopic folding rate is assumed to be independent of

1 analysis was first applied to the folding of the dimeric
and cross-linked versions of the GCM4helical coiled coil
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(Figure 6)%" systems whose TSEs are known to be hetero- analysis quantitatively identified the level of TS heterogeneity
geneous or homogeneous, respectiveNPreviously, we determined from multisite Ala/Gly surface mutations.
deduced that fraction@ values in the dimeric version were This result strongly supports the interpretation thatithe
due to multiple pathways with helix nucleation sites located value can report on the degree of TS heterogeneity. The 80-
along the length of the colf After inserting a destabilizing  fold increase in the, value upon substitution at the opposite
mutation at one site, which possessed an intermegiasdue end of the protein as the biHis site would be expected if the
and was potentially important in the TS, we repeaged heterogeneous pathway model was applicable #giresen
analysis at a second site, which previously had a sgall = Ky andKrs?sen= K. A homogeneous model with non-
value. The new¢ value at the second site increased native binding affinity in the TS would require that the A24G
significantly, indicating that helix nucleation had shifted mutation results in the site acquiring nativelike binding
toward this region. The heterogeneity was lost when the affinity. This would be an unlikely scenario given the 2.5
translational symmetry of the molecule was broken upon turns of helix separating the substitution and the biHis site.
introduction of a cross-link at the end of the coiled coil. In addition, this dimeric coiled coil is known to be
Nucleation in this unimolecular system occurred at the heterogeneous at the levels reflected by thevalues?®
tethered end. Binding sites introduced into regular helices probably will
y analysis was conducted on the cross-linked version with have nativelike binding affinities in the TS. In which case,
the biHis site inserted at amino terminus, while the gly gly fractionaly values generally will be due to TS heterogeneity.
cys disulfide tether was placed at either the amino or carboxy
termini. The measureg values were one and zero for the  2.4. Application to Ubiquitin
amino- and carboxy-terminal-linked versions, respectively,

e o e o i U a ro-esies prtein which lds i 3 b st
folding was horlram eneous with pathway selection determined T2nNer 2" Fourteen functional biHis sites were intro-
9 9 P y duced at exterior positions along the helix or across

2%;2327§onnect|\/|ty, in agreement with our mutational adjacent$ strands (Figure 7). Kinetic data were taken at
A . . . . dozens of metal-ion concentrations at a fixed denaturant
The application ofj analysis to the dimeric protein, where  concentration under either refolding or denaturing conditions.
folding was known to be heterogeneous, was a stronger testrpjg strategy produces many more points on the Leffler plot
of the method. At low concentrations of metal, folding rates compared to the acquisition of entire denaturant-dependent
barely changed and thg, value was about 1/6. Under the  cheyron plot at only a few different metal-ion concentrations,

assumption that TS binds with either N- or U-like affinity, 55 was done in the coiled coil studies (compare Leffler plots
the y, value represents the ratio of the molecules that i Figure 6 with those in Figure 7).

nucleated at the biHis region relative to those molecules that o the 14 usable biHis sites;, values ranged from zero

nucleated at all other regions. Under this assumption, the yyree sites) to unity (five sites). On the basis of these eight
biHis route was a very minor pathway prior to the addition  gjies where the interpretation of thevalue was unequivocal,
of metal. As metal concentration was increased, the amino- 4 ~onsensus TS structure was identified (Figure8)7 The

terminal region was stabilized. More molecules nucleated ) ,jeys shared a common, nativelike topology wherein part
at the amino-terminal end, and thevalue increased to about ¢ the major helix was docked againstfasheet network

one-half at high metal concentrations. Although healue composed of different portions of four properly alianed
should approach unity with further stabilization of the binding strar?ds. P properly aig
site, it did not because of the limited experimental range of 1,4 remaining six sites had fractiongb values. These

metal-ion-induced stabilization {€8 kcal mol?). A detailed sites were located near the edges ofFgheet network and
analysis of the metal dependence indicated that the biHis-y, o 2 mino-terminal portion of the helix. They were formed
containing pathway was 80-fold less populated than all other gjyner in 4 subfraction of a heterogeneous TSE commensurate
routes in the absence of metal. _ _ _ with their yc" value or in the entire ensemble but with a
Another dimeric version was examined which contained (jstorted geometry. The coiled coil studies suggestedythat
the A24G substitution. The introduction of the destabilizing yajues for helical sites were likely to represent TS hetero-
glycine was anticipated to shift the pathway flux away from geneity, in this case, the fraying of helix. We believe that
this region, so that most nucleation events would encompassthe fractionaky, values for the sheet sites also were likely
the biHis site at the other end of the protein. Indeedthe  to represent fraying to a substantial degree with an equilib-
value increased to one-half, indicating that one-half of the (jum constant close to the measunggvalue.
nucleation events occurred with the biHis site formed. A major folding pathway is conjectured incorporating both
A comparison of dimeric A24 and A24G versions indi- y analysis and other experimental data along with structural
cated that the change in the degree of pathway heterogeneityonsiderations (Figure 8). The pathway is largely sequential
recapitulated the difference in their equilibrium stability. The but contains some degree of heterogeneity. The sites with
A24G mutation was responsible for a shift in amount of flux unity i values define a pre-TS structure. The TSE also
going through regions other than the amino terminuspthe  contains regions with fractional, values, representing either
value shifted from~80:1 to ~1:1. The ratio of the fractionally formed regions or distorted sites with binding
heterogeneity in these two versions reflected the loss in affinity weaker than in the native protein. The next post-TS

1 analysis was next applied to the folding of mammalian

stability for this mutation AAGeq = RT In(paia/ paiy)- structure contains these regions fully populated with the biHis
Thus, the A24G mutation was responsible for th80- sites in a nativelike configuration.
fold change in thep, value, equivalent to 2.5 kcal mdl Additional experimental information and structural con-

This shift was consistent with the decrease in stability for siderations are used to fill in the missing steps on either side
the mutation in either the biHis or wild-tyffebackgrounds  of the TS. With respect to the earliest events, regions of the
(1.7+ 0.1 or 2.4+ 0.1 kcal mot?, respectively). Hence) local B1-B2 hairpin populate nativelike geometries at a low
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Figure 6. vy analysis applied to a cross-linked and dimeric GCN4 coiled coil. The cross-linked version folds via a singular TS with
nucleation occurring at the tethered end, whereas the dimeric version nucleates a variety of points along the length of the coiled coil.
Denaturant dependence of folding kinetics “chevrons” at different metal concentrations and their associated Leffler plots for amino-terminal
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Figure 8. Proposed Ub folding pathway. Ub’s folding pathway is described by a heterogeneous TSE that emerges from a conserved
nucleus!! The upper route on the way to the PreTS structure has more flux than the lower route because of the local nature and increased
surface burial of the8 hairpin/helix motif compared to the 3-strandgesheet structure.

level, ~20%38%-83where many of they, = 1 sites are located. Next, the helix docks onto the hairpin to form a local
In contrast, the helical region has very low intrinsic stalfftity ~ tertiary motif8285> Such a structure is consistent with our
(<3% according to AGADIRY). Hence, hairpin formation  kinetic isotope data, which indicate that hydrophobic burial
probably precedes helix formation and is the first major is commensurate with hydrogen-bond formation in the’TS.
folding event. Furthermore, some hairpin NMR resonances change when
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TSw-analysis hairpin motif (Figure 9). We found that structured regions
can havep values far from unity, the canonical value for

such sites, presumably due to structural relaxation of the TS.
Consequently, these sites may be incorrectly interpreted as
contributing little to the structure of the TS. These results
stress the need for caution when interpreting and drawing
conclusions fromp analysis alone.

Given that mutationap analysis has been a major method
for characterizing the structure of TS for protein foldit
and other reaction8;** the origins of the discrepancy
between the two methods merit discussion. Interpretational
issues arise because mgstalues are fractional, generally
lying in the range of 0.40.538:39:41.4349 These intermediate
values might be due to either partial structure formation in
the TS or the presence of multiple TS structures. Further, if
multiple, alternative TS’s exist, a destabilizing mutation will
reduce the contribution of states in the ensemble that involve
this residue and thus generate a lower than expefttedue
(Figure 1). For example, our work with the GCN4 coiled
coil protein found low single-site values’® which turned
out to be due to alternative nucleation positions rather than
to the lack of participation by the mutated posititri’

In our comparison between the two methods with @b,
values were obtained for a set of substitutions in which
. L.50 P isoleucine or leucine core residues were changed to alanine
v L56 on each of the seven major structural elements. These and
L43 ‘ the ¢ values obtained by Went and Jack$émjong with
those obtained for surface residdésndicated a small,
minimal TS structure determined usigganalysis is extensive and polarized TS’. whereas the-analysis Stgdy_lndlcated amuch
has the native topology, whereas the smaller and polarized TSMOre extensive TS. The most drastic discrepancy was for
determined usingp analysis barely defines the ubiquitin fold. the L67A substitution on stran@B. The side chain of L67
(Reprinted with permission from ref 35. Copyright 2004 National was estimated to be 74% buried in the TS according to
Academy of Sciences, U.S.A.) analysis. The four biHis sites located on either side of L67
) ] ) ) ~bhady values ranging from 0.3 to 1. Nevertheless,¢halue
the fragment is extended to include residues in the helical for | 67A was 0.02+ 0.01.
region® Strand B3 subsequently joins the nascent haifpin e 1oy ¢ values for residues buried in TS probably
helix nucleus. The final step to the pre-TS structure is the jqicated that the tertiary contacts were not rigid, even when

joining r?f the St.rs}nd B4. | d hi backbone positions were established. For the LeuAlala
Another possible route involves Strand B3 attaching to substitutions, the flexible TS may have relaxed to accom-

the B1-B2 hairpin prior to helix formation (lower pathway,  qqate the void due to the loss of methyl groups in a way
dotted arrows in Figure 8). However, the formation of this 4 \vas not available to the more constrained native state.
three-stranded structure would require that the amino andaq 5 result of the TS relaxation, the energetic penalty of the
carboxy_termlm form a parallef sheet and close a large  5anine substitution largely would have been ameliorated at
~35-residue loop. Furthermore, the sheet would bury 1€SS e rate jimiting step. Hence, the folding rate was unchanged,

hydrophobic surface than the helix-hairpin nucleus. Hence, g/apy though the substitution was highly destabilizing in the
this route is less probable than the other route, whereby thenative state.

helix associates with B1B2 prior to the joining of B3. . .
) . e : ; The ability of the TS to relax to accommodate mutations
From the post-TS structure identified usigganalysis, was supported by other observations. A Ub mutant with

only one turn of the 3 helix and the strand B5 remain ; :
unfolded. Hydrogen exchange data on native Ub, which SEVeN simultaneous core mutations lost only 1.2 keal ol
: of stability® Mutations in apomyoglobin regularly gave

reports on the stability of hydrogen bonds, indicates that two ; J :

hydrogen bonds, one within the helix and another connecting smgller cha,a%egsslﬂGﬁq for the pH 4f;ntermed|atef thag f?r

it to the rest of the protein, are greater than 1.4 kcalvhol natve apoMu.” Small energetic effects were found for

more stable than any of the hydrogen bonds between strandUtations in Pyghly structured regions of BPTI equilibrium

B4 with B58¢ Hence, the 3 helix likely folds before B5 on |nterrT_1ed|ate§. These and our results suggest that the

the major refolding pathway. magmtude ofp values can greatly underestimate the native-
like character of a residue in the TS.

; ; Another source of uncertainty arises whgnmalues, which
3. Comparison between ¢ and v Analysis reflect energetic perturbations, are used to describe the
We compared the folding TS of Ub identified using structure of the TS. Only in a few cases does a clear
analysis to that determined using analysis®® The TSE correspondence between thealue and structure formation
derived fromy analysis had an extensive nativelike chain exist, for example, in Ala to Gly mutations on the surface
topology, with a four-strande@tsheet network and a portion  of a helix*14446.78.9892 or in exposed turns that form specific
of the major helix. According t@ analysis, however, the interactions® In other circumstances, converting energetic
TS was much smaller and polariZédith only a local helix/ changes into structure is difficult. Nevertheless, a recent study

Figure 9. TS identified usingy and ¢ analysis for Ub. The
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° . - - . than taking on the canonical values of zero and one. In
particular, a highly structured region can hayealues far
from unity. These values can even be smaller than values
resulting from non-native interactions. Furthermore, inferring
structure fromg values, which reflect energetic effects, is
difficult. As a result, the use ap values to identify a TS
structure, much less the degree of TS heterogeneity, is
problematic. Consequently, the frequent classification of a
TS in other proteins as polarized, diffuse, or expanded based
upong values alone needs to be reevaluated. See ref 42 for
further discussion of these matters.

log k,

000 005 010 015 020 025

Relative Contact Order »
Figure 10. Correlation between relative contact order and folding 4. TOp O/Ogy and the Transition State

rates. Each data point represents an individual two-state protein \y/e proposed that the folding of small proteins is a

whose folding properties were measured under comparable solution . . . .
conditions as well as the RCO of the native structure. The line nucleation process where the critical element in the TS is

indicates the best linear fit to the data, which we believe representsthe formation of a coarse version of the native chain topology
proteins which form~80% of the native topology at the TS. Data  Of overall fold®*~¢ Topology is established by pinning the
obtained from ref 140. chain with apolar side-chain interactions. This proposal seems
to be validated by the success of the correlation between
of the three-strand PIN WW domain probing hydrogen-bond relative contact order (RCO), which reflects the ratio between
formation (site-resolved amide to ester changes) did observelocal and nonlocal contacts, and lég(Figure 10) subse-

qualitative agreement between mutatiopalalues>® guently found by Plaxco et dl.This correlation and similar
The interpretation of values is further complicated by  correlations described by oth&s'% points to a two-state
the possibility of non-native interactiof%! Bai and co- folding reaction being limited by an initial conformational

workers elegantly trapped and solved the structure of asearch to find the nativelike topology. This powerful
folding intermediate for apocytochronigs; and found that observation argues for the importance of topology and that
the core repacked with a number of non-native interacidns. a commonality exists between the folding mechanism of
Mutations at these sites produced thermodynapn@lues different structural classé§;100.104-107
ranging from O to B¢ Hence, non-native interactions can v analysis identifies residueesidue contacts, which
produce otherwise norma values which are likely to be  makes it particularly well suited to addressing the origin of
misinterpreted. the correlation betweels and RCO, reflecting properties of
As a result of fractional interactions, structural relaxation the TS and the native state, respectively. Recapitulating the
of the TS, TS heterogeneity, and non-native interactions, trend observed for other small proteitid)b’s folding rate
most¢ values will cluster in the range 6-D.58394348 rather correlates with the degree to which the overall fold is
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Figure 11. Relative contact order on the proposed Ub folding pathway. Values for each species are normalized to the RCO of the native

protein. (Reprinted with permission from ref 41. Copyright 2004 Elsevier.)
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achieved, as defined by the average sequence distancéhree proteins but the turns are only folded to the degree
between long-range contacts or RCO. The RCO of Ub’s TSE required for the chain to turn around. Not all turns have to
is about 80% of the RCO of the native protein (Figure 11). be nativelike in order for the chain to double-back on itself.
The major increase in RCO occurs with docking of strands If true, the sensitivity of the values is more a reflection of
B1 and B3, which are the amino and carboxy termini. the specifics of the turn rather than the topology of TS. For

The similarity of the gross topology of the TS and the example, the distg#-hairpin in src-SH3 with higlp values
native state supports the observed correlation between thds a tight turmi® which is quite sensitive to mutation. The
folding rate constant and the RCO of the native state. Becausecorresponding turn in SSo7D contains three flexible glycines,
k: directly relates to the stability of the T%;(d e AC"/RT) which are not as sensitive to mutation, and this turn has low
and not the native statk; should only reflect properties of ¢ valuesi® Hence ¢ values could be different for this turn
the TS. The present demonstration that the TS of Ub hasdespite the two proteins having similar TS topologies.
largely adopted the native fold provides a connection between
folding rates and the topology of the native state. 5. Transition-State Heterogeneity

The TSE identified usingy analysis in combination with
the RCO trend suggests an intriguing proposition: For An issue which has sparked much debate is whether
proteins which obey the known RCO correlation, their TS's multiple folding pathways exist”!!® The traditional bio-
will have ~80% of the native RCO. The rationale for this chemist views folding as a determinate A-to-B-to-C process
proposition is as follows. The empirical contact order With a specific series of events. Theoretical work has led to
correlation is log¢ = 8.3—39RCQ?ve (Figure 10). For this a funnel-like picture in which folding occurs via structurally
correlation to be valid, the topology of the TS must closely distinct, parallel route¥*111118127 Despite much appeal,
resemble that of the native state. Consistently, Ub’s TS hasonly limited evidence supports the possibility of pathway
a very nativelike topology, with a RC® ~ 0.8RCQatve heterogeneity in the absence of misfolding or proline
(Figure 11), although it is slightly above the best fit line. If isomerization issues. Exceptions for small proteins include
the RCO correlation is to hold for a variety of proteins, their the dimeric GCN4 coiled coff4’titin 127,128 barstar;® WW
TS's likewise should have RC®~ 0.8RCQaein order ~ domain;*® CspB;*! and Ub*
for them to be on the same correlation line. That is, Ub’'s  Our Ub studies highlighted the importance of defining
value calibrates the connection between R€@&nd RCO what is meant by “multiple pathways” and “TS heterogene-
of the native state. ity” (Figure 12). We found that Ub folds through a nativelike

Another rationale is illustrated with a counter-example. If TSE with a common nucleus. However, heterogeneity
a protein only needs to form part of the native topology (e.g., probably exists wherein peripheral regions are differentially
RCO'™s ~ 0.5RCO2%9), it would fold faster than predicted populated according to their relative stability (Figure 12,
from the observed trend because forming this simplified TS center). At a coarse level, a single TS exists. However, there
is less costly than the typical ones obeying RE€G: are likely different structures within the TSE. Hence, the Ub

0.8RCQO?tve, results can support either the single-pathway or the multiple-
The high value for RCT also restricts the degree to Pathway view, depending upon the level one wishes to define
which a TS can be small and polariz¥8:116 From the¢ “multiple pathways”. Therefore, it is critical to distinguish

values for such proteins, we estimate RE@ often below between one scenario where there is “microscopic hetero-
0.5RC@ae although the precise number depends on the geneity” around a consensus core and another where there
threshold that a value is considered to be a contact. At arestructurally disjointmembers of the TSE (Figure 12,
face value, these results would seem to be incompatible withght).
the proposition that RCO ~ 0.8RCOave, The dimeric GCN4 coiled coil has disjoint nuclei. For titan,
However, some caveats exist in the identification of a heterogeneity was identified by an upturn in the unfolding
small, polarized TS based solely upon medium to hjgh arm of the chevron plo£® The pattern ofy values indicates
values on one side of the protein. Firgtanalysis leads to  that the larger TSE which predominates at low denaturant
an assignment of a small, polarized TS in ubiquitin, whereas concentration contains an exfastrand and some additional
the TS defined by the unequivocgl= 1 sites is much more  structure formed around the periphery of the central nucleus.
extensive®® As Schmid et al. astutely noted in their studies The type of heterogeneity seems closer to microscopic
“the transition state of CspB folding is polarized energeti- heterogeneity described earlier rather than an example of
cally, but it does not imply that one part of the protein is disjoint nuclei.
folded and the other one is unfolded. Rather, it means that Other research investigating multiple pathways includes
the positions that have reached a native-like energeticthe Serrano et d@F132 and Baker et a133 studies of SH3
environment in the transition state are distributed un- domains. They found no evidence for a shift in pathway upon
evenly. That is,energeticallypolarized does not neces-  destabilization of elements formed in the TS. Similarly, loop
sarily meanstructurally polarized. insertion studies did not detect pathway heterogeri&igp*
Second, the low level of structure formation inferred from Although homologues of SH3 fold through different TS%!3>
¢ analysis in these situations seems inconsistent with thethis does not mandate that there are multiple TS's for a single
high percentage of surface burial in the TS. The third caveat protein sequence. Topological changes somefith&% 138
is that many highp values in polarized TSs are associated but not alway¥3'3°result in different TS’s. Baker et af°
with turns?3108-110.114 These high values may not yield a observed that the topologically identical Protein G and
complete picture of the topology of the TS. For example, Protein L nucleate at either of two different, but sym-
Serrano et al. concluded that the three SH3 homologues,metrically related, turns. Mutational studies indicate that
SSo7D, src- andi-spectrin, fold via different TSs as their  nucleation can occur at either turn and reflects their relative
turns have differentp valuesi®® However, an alternative  stability. Symmetric proteins, such as Protein G and Protein
interpretation is that the overall TS topology is similar in all L, probably can fold via TS’s which are symmetrically
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Figure 12. Classes of transition-state heterogeneity. Folding may occur via a singular essential TS nucleus with some partially formed
interactions (left). Here, some residues are completely unfolded (white boxes) or absolutely required in a given nucleus (dark gray boxes),
while others may have a fractional side-chain interaction in the TS (light gray boxes). Folding may also occur through a structurally
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also exist at the TS (middle). Here, the TS can exhibit “microscopic heterogeneity” (light gray boxes), e.g., helical fraying, but a conserved
folding nucleus. Alternatively, the nuclei can be structurally disjoint (right), each with a diverse set of necessary structures comprising
distinct nuclei (dark gray boxes).

Multiple nuclei

related (e.g., mirror image$)®3® Similarly, we found native metal-ion affinity in the TS. Howevey; analysis of
multiple nuclei for the dimeric coiled coil, which has the dimeric GCN4 coiled coil indicated that the pathway was
translational symmetry. However, there is a single pathway heterogeneous and confirmed a previous independent study
when the symmetry is broken upon insertion of a cross-link that employed ala-gly mutagenesis. Hence, the biHis meth-
at one end of the coiled cdff. odology can accurately quantify TS heterogeneity. For Ub,
we found that the TS is much more structured than expected
6. Summary when ala-scanning analysis was applied. The large amount
of structure and nativelike topology in Ub’s TS partly
Protein folding has been both blessed and cursed by therationalizes the correlation between folding rate and relative
fact that many proteins do not have populated folding contact order found for two-state folding proteins.
intermediates. The lack of stable intermediates simplifies the A synthesis ofiy-analysis methods and the ability to
analysis as the reaction is kinetically two state. However, incorporate non-natural amino acids that are capable of
the lack of intermediates that can be trapped and characterpinding metal ions with heightened affinities will increase
ized largely precludes elucidation of the individual folding the energetic space that can be probed. From these and future
steps. Therefore, research efforts have largely focused ony-analysis studies, an extremely detailed picture of the TSE
the rate-limiting step and TSE. This high-energy ensemble and pathways can be obtained. As a result, more rigorous
can be structurally characterized by methods that seek tocomparisons between experiment and theoretical simulations
quantify the relative energetic contributions of individual side can be conducted to the benefit of both areas.
chains in the TS as compared to the native state. The degree
of energetic “nativeness” is correlated to structure. Princi- 7 aAppreviations
pally, this type of analysis is achieved through alanine-
scanning mutagenesis coupledg@nalysis. biHis
However, new methods are required to better describe theS . -
structure of the TS because alanine-scanning mutagenesi mammalian ubiquitin
relies on a limited alphabet of amino acids, which are too Wo initial slope in the Leffler plot : "
i . S o T oo 1, value corrected for the change in the protein stability
sterically and chemically dissimilar to reliably indicate the due to the bi-His substitution
energetic contribution of interactions in the TS. Furthermore, the ratio of rates in the absence of metal ions for
the numerous interacting partners in a given tertiary interac- pathways in which the bi-histidine site is present to
tion often cannot be disentangled, encumbering the inter- those in which bi-histidine site is absent
pretation of a particulag value.
We have demonstrated that biHis sites incorporated in both
o helices angb sheets may be stabilized by the addition of 8. Acknowledgments
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