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Small Proteins Fold Through Transition States With
Native-like Topologies
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The folding pathway of common-type acyl phosphatase (ctAcP) is
characterized using ψ-analysis, which identifies specific chain–chain
contacts using bi-histidine (biHis) metal-ion binding sites. In the transition
state ensemble (TSE), the majority of the protein is structured with a near-
native topology, only lacking one β-strand and an α-helix. ψ-Values are zero
or unity for all sites except one at the amino terminus of helix H2. This
fractional ψ-value remains unchanged when three metal ions of differing
coordination geometries are used, indicating this end of the helix
experiences microscopic heterogeneity through fraying in the TSE.
Ubiquitin, the other globular protein characterized using ψ-analysis, also
exhibits a single consensus TSE structure. Hence, the TSE of both proteins
have converged to a single configuration, albeit one that contains some
fraying at the periphery. Models of the TSE of both proteins are created
using all-atom Langevin dynamics simulations using distance constraints
derived from the experimental ψ-values. For both proteins, the relative
contact order of the TS models is ∼80% of the native value. This shared
value viewed in the context of the known correlation between contact order
and folding rates, suggests that other proteins will have a similarly high
fraction of the native contact order. This constraint greatly limits the range
of possible configurations at the rate-limiting step.
© 2006 Elsevier Ltd. All rights reserved.
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Introduction

The characterization of the rate-limiting step is
critical to defining the mechanism of any chemical
reaction. Consequently, a central goal in protein
folding studies is to characterize the transition state
ensemble (TSE). TSEs have been described as
polarized,1–9 or an expanded version of the native
idine divalent metal
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state.10,11 Even the existence of a TS for this
macromolecular reaction engenders controversy.12
The characterization of the TSE includes the

identification of the multiplicity of pathways lead-
ing up to it, and the degree of structural diversity in
the ensemble itself.13–20 Even for a singular TS, the
alternative pathways leading to it can have a
different folding order for the structural elements
found in the TS. The existence of alternative TS
structures implies that there are multiple pathways.
A meaningful discussion of whether a TSE is

considered to be heterogeneous with alternative
forms depends on the resolution at which two such
structures differ within the ensemble. Two structures
may be essentially the same, differing only by local,
small-scale fluctuations such as helical or sheet
fraying. This possibility is likely to be a general phe-
nomenon in the TS because such fraying is often
observed in folding intermediates21 and native states.
This type of local or “microscopic heterogeneity”

should be distinguished from a situation where
d.
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members of the TSE are significantly dissimilar, for
example, containing a different subset of structural
elements. A further, more rigorous distinction
should be made between a TSE that shares a signifi-
cant number of common elements from a TSE where
subpopulations are structurally disjoint (Figure 1).
We believe that this latter distinction is most appro-
priate when discussing whether TS heterogeneity
exists in protein folding.
Multiple pathways and TS heterogeneity are

particularly difficult to discern with small globular
proteins that fold in a kinetically two-state reaction
(U↔N) because intermediates do not significantly
populate.22–25 Hence, the intermediates leading up
to the TS, and the TS itself, cannot be readily studied
by the usual structural methods.
Thus far, little experimental evidence supports the

existence of TS heterogeneity according to our more
stringent definition.19,26 A notable exception is the
dimeric GCN4 coiled coil. Multiple TSs are found
with helical structures located at different regions
along the length of the molecule. Its cross-linked
counterpart, however, does not exhibit TS hetero-
geneity, nucleating only at the tethered end.20,27
Ubiquitin (Ub) also folds through a single TS. Here,
the TSE is extensive, containing four β-strands and a
helix, although regions on the periphery experience
some microscopic heterogeneity.
The characterization of the TSE of the GCN4

coiled coil and Ub was accomplished using a
relatively new method that we developed termed
ψ-analysis.26–28 In this counterpart to mutational ϕ-
analysis,29–31 engineered bi-histidine (biHis) metal
ion binding sites are introduced at specific positions
on the protein surface to stabilize secondary and
tertiary structures. An increase in the metal ion
Figure 1. Classes of transition state heterogeneity. Folding
partially formed interactions (left). Here, some residues are com
given nucleus (red boxes), while others may have a fractional s
also occur through a structurally heterogeneous ensemble wh
boxes) but different groups of structures may exist at the TS (m
(orange boxes), e.g. helical fraying, but a conserved folding nu
(right), each with a diverse set of necessary structures compri
concentration stabilizes the interaction between the
two histidine partners in a continuous fashion. As a
result, this method quantitatively evaluates the
metal-induced stabilization of the TS relative to the
native state, as represented by the ψ-value.
The translation of a measured ψ-value to structure

formation is straightforward because the positions
probed are proximal in the native structure. Hence,
the method is particularly well-suited to identify
chain-chain contacts that define the topology and
structure of TSEs. The mutational counterpart, ϕ-
analysis, reports on the energetic influence of side-
chain alteration and can under-report the amount of
structure in the TS.26–28
In order to define the TS structure and determine

the degree of TS heterogeneity possible in protein
folding, we apply ψ-analysis to ctAcP (Figure
2(a)).32 This 98-residue protein is composed of two
helices packed against a five-stranded antiparallel
sheet.33,34 We chose this protein as it is one-third
larger than Ub and more topologically complex.
Therefore, it is more likely to have a TSE with
structurally disjoint subpopulations.
However, we find that the TSE of ctAcP is

comprised of a single, large structure containing
strands β1–β4 and helix H2. The majority of the ψ-
values are near zero or unity, indicating that only a
minimal degree of heterogeneity is present in the
TSE. The sole exception is a ψ-value of ∼0.35, ob-
served with multiple metal ions at the amino ter-
minus of helix 2. This result is consistent with a small
amount of helical fraying in the TS ensemble, and
hence, with the ψ-value representing the fraction of
the TSE having the metal ion binding site residues in
a native-like geometry. In aggregate, however, the
folding of this protein provides no evidence for
may occur via a singular essential TS nucleus with some
pletely unfolded (white boxes), or absolutely required in a
ide-chain interaction in the TS (orange boxes). Folding may
ere some residues are critical for the folding nucleus (red
iddle). Here the TS can exhibit “microscopic heterogeneity”
cleus. Alternatively, the nuclei can be structurally disjoint
sing distinct nuclei (red boxes).



Figure 2. Schematic representation of biHis sites in ctAcP and ψ-values. Crystal structure of ctAcP (2acy.pdb)98 and a
schematized representation of ψ-analysis results at the biHis sites. The figures depict two views of the protein structure,
rotated by 180°, highlighting the β-sheet network (β1–5) and α-helices (H1 and H2). Each circle represents a biHis metal
binding site across two secondary structure elements. Sites are color-coded to represent resultant ψο-values.
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structurally disjoint populations in the TSE. Implicit
solvent, all-atomLangevin dynamics simulations are
conducted utilizing the ψ-values as constraints on
ctAcP and Ub. Both resulting TSEs have a relative
contact order35 that is ∼80% of the native value,
suggesting that the TSE of many proteins also will
have a similar percentage of their native topology.
The implications of this conclusion are discussed.

ψ-Analysis

ψ-Analysis uses engineered biHis sites to probe
the fraction of the native metal ion binding energy
realized in the TS. The kinetic response as a function
of metal ion concentration reports on the degree to
which the biHis site is present in the TSE (see
Supplementary Data for detailed treatment). In a
manner analogous to ϕ-analysis performed using
single point mutations, the kinetic response due to
metal binding can be obtained from the denaturant
dependence of folding rates (“chevron analysis”) at
zero and high metal ion concentrations (Figure 3).
When side-chain substitution or metal binding

only affects the unfolding rate, ku, and not the free
energy of the TS relative to the unfolded state, the
structure probed is absent in the TSE, and the
corresponding ϕmutation or ψmetal-value is zero.
Conversely, when the perturbation only affects the
folding rate, kf, the structure probed is likely to be
native-like in the TSE and the associatedϕ orψ-value
is unity. When both the folding and unfolding arms
shift, the ϕ or ψ-value is fractional. In both methods,
the origin of a fractional value can be challenging to
discern. Fractional ϕ-values may be due to either
partial structure formation in the TS or the presence
of multiple, distinct TS structures.13,15,20,27,36–39 A
fractional ψ-value indicates that the biHis site is
either native-like in a subfraction of the TSE, or has
non-native binding affinity in the entire TSE (e.g. a
distorted site with less favorable binding geometry,
or a flexible site that must be restricted prior to ion
binding), or some combination thereof26,28 (D.
Goldenberg, private communication).
ψ-Analysis has the powerful capability of gener-
ating a large quantity of high quality kinetic data to
accurately probe the degree to which a particular
binding site is formed in the TSE. For each biHis
variant, dozens of folding rates can be measured at
increasing concentrations of metal ions. The binding
of increasing concentrations of ions to the biHis site
results in a near-continuous increase in the stability
of TS structures that contain the binding site. Hence,
the stability is perturbed yet accomplished in an
isosteric and isochemical manner. The resulting
series of data can be justifiably combined, which
may be inappropriate in traditional mutation
studies where the perturbation can arise for multiple
sources including changes in backbone propensities
as well as indeterminate non-local interactions.
The ψ-analysis data can be presented as the

change in activation free energy relative to the
change in the metal-induced stability, ΔΔGf

‡ /
ΔΔGeq, to produce a Leffler plot40 (Figure 3, Sup-
plementary Figure 3A). If the biHis site is formed in
the TSE, metal binding increases its stability and
folding rates increase. The associated Leffler plot has
a positive slope as both ΔΔGf

‡ and ΔΔGeq increase
(Supplementary Figure 3B).
The starting point in the detailed interpretation of

the Leffler plot is to fit the data to a model with a
single free parameter, ψo, which is the slope at the
origin in the absence of metal:

DDGzf ¼ RTln
�
ð1� ψoÞ þ ψoe

DDGeq=RT
�

ð1Þ

Along the curve, the instantaneous slope, or ψ-value,
increases with additional binding energy as the
fraction of the TSE with the biHis site grows. The
instantaneous slope at any point on the curve as a
function of binding stability (Supplementary Figure
3A) is given by:

ψ ¼ ADDGzf
ADDGeq

¼ ψo

ð1� ψoÞe�DDGeq=RT þ ψo
ð2Þ



Figure 3. ψ-Analysis: metal-dependent protein folding measurements. The three classes of ψ-values are illustrated in
each of the three rows. Values of zero and one indicate that the biHis site is either entirely absent or present in the TSE. A
fractional value indicates that the site is either formed in a fraction of the TSE at a level given by the fraction ψ-value, a
single distorted site with reduced binding affinity in the TS, or a combination thereof. ψ-Analysis can be conducted using
two types of experiments. The left set of panels displays traditional denaturant dependent kinetic data (chevron analysis),
measured in the absence (black) and the presence (red) of high metal ion concentration. When the site is absent in the TSE,
only the unfolding arm moves and ψo=0 (top left). Conversely, when the metal site is fully formed in the TSE, only the
folding arm moves and ψo=1 (middle left). When both arms shift, a fractional value results (bottom left). Alternatively,
measurements are performed at a gradient of metal ion concentrations, and at a single folding and a single unfolding
condition (dotted lines in left panels) to get ΔΔGf

‡ and ΔΔGu
‡. These values are used to calculate the Leffler plot (center

panels). The single red data point in the center panels is the value corresponding to the shift in the denaturant chevron
upon addition of saturating metal ion concentration. When the site is absent in the TSE, the data are flat with a ψo

Leffler=0
(center top). If the site is fully formed in the TSE, ψo

Leffler=1 (center middle). A fractional ψ-value produces a curved Leffler
plot, which approaches a slope of unity at infinite stabilization (center bottom). Each of these three scenarios can be
interpreted as a series of shifting free-energy diagrams (right panels). When the metal stabilization does not affect the
folding rate, the metal binding stabilizes only the native state (right top). When the site is fully present, the binding energy
in the TSE and native states are equal and are thus stabilized energetically by the same amount (right middle). For
fractional ψ-values, the stabilization initially only affects the native state. When the metal-present pathway is stabilized
enough to be dominant, the TS and native state are stabilized equally upon a further increase in stability due to metal ion
binding.
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The interpretation of ψ-values is clear in the two
cases where the Leffler plot is linear. When ψο is
unity, the biHis site is present with native-like
binding affinity in the TS ensemble. When ψο=0,
the site is absent with unfolded-like affinity. In other
cases, the Leffler plot will be curved as ligand
binding continuously increases the stability of the TS
ensemble.
Assuming that the metal ion binding affinity in

the TS is either native-like or unfolded-like, the ψ-
value obtained at any given metal concentration
represents the fraction of the TS ensemble with the
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biHis site formed (Supplementary Figure 3A). The
other fraction of the molecules are crossing the
rate-limiting barrier without the two histidine
residues in a geometry capable of binding metal
ions. Together, these two populations comprise the
TSE.
This heterogeneous picture, rather than the

scenario with a distorted site having non-native
binding affinity, quantitatively described the degree
of TS heterogeneity in the folding of a dimeric α-
helical coiled coil,27 a system known to have
multiple nuclei.20 This issue is examined below
using different metal ions in the same biHis site to
test the interpretation that fractional ψ-values
quantify the fraction of the TSE that has native-like
binding sites.
The complete ψ-analysis formalism takes into ac-

count the shifts in the native, unfolded and TS popu-
lations due to the binding of metal ions to each of
these states (Supplementary Figure 4). Folding rates
are calculated assuming two classes of TSs depend-
ing on whether the biHis site is present (kpresent) or
absent (kabsent). In the first class, TSpresent, the biHis
site is present in a native or near-native geometry
with a dissociation constant KTS

present. In the second
class, TSabsent, the biHis site is essentially absent but
is given a nominal effective dissociation constant
KTS
absent. According to Eyring reaction rate theory,41

the overall reaction rate is taken to be proportional to
the relative populations of the TS and U ensembles,
kf ∝ [TS]/[U]. The net folding rate is the sum of the
rates going down each of the two routes, kf=
kpresent +kabsent, with:

kfu
1þ ½M�=Kpresent

TS

1þ ½M�=KU
kpresento

þ 1þ ½M�=Kabsent
TS

1þ ½M�=KU
kabsento ð3Þ

where kopresent ∝[TSpresent]/[U], koabsent ∝ [TSabsent]/
[U] are the rates through each TS class prior to the
addition of metal, and [M] is the divalent metal ion
concentration. In equation (3), the pre-factors of
these two rates represent the increase in the
population of each class's TS, relative to the
increase in the population of the unfolded state,
due to differential metal affinity in the TS and in
the unfolded state. By examining shifts in popula-
tions and assuming that metal binding is in fast
equilibrium, this treatment avoids any assumptions
about possible pathways connecting the different
bound and unbound states.
There are two major scenarios that one can

consider. In first scenario, the TSpresent has the biHis
site present with native-like affinity (KTS

present =KN)
while TSabsent has the site with the unfolded-like
affinity (KTS

absent =KU). Hence, only TSpresent is stabi-
lized with respect to the unfolded state upon the
addition of metal ions (Supplementary Figure 3B).
The height of the kinetic barrier associated with
TSpresent decreases by the same amount as the native
state's stability. As a result, the rate increases down
this pathway, kpresent =kopresent eΔΔGeq/RT. The instan-
taneous slope simplifies to the fraction of the TS
ensemble that has the biHis site formed at a given
metal ion concentration:

ψ ¼ kpresent

kpresent þ kabsento
ð4Þ

In the second scenario, curvature can also occur
when the sole TS has binding affinity different from
the native state (e.g. a distorted site with KTS

present >
KN). It is important to note that for this and the other
scenarios, the ψ=0 and 1 values still imply that the
biHis site is absent or 100% present in the TSE,
respectively.
It has been suggested that surface mutations and

metal binding in ψ-analysis may introduce compli-
cations that are difficult to unravel.42 However,
these effects can be accounted for in ψ-analysis. The
altered stability due to the introduction of the two
histidine residues, −ΔΔGbiHis, can be corrected for
by a shift in X-direction in the Leffler plot to produce
a ψ-value appropriate for the wild-type protein
(Supplementary equation S11). In addition, the
ability to extrapolate to the limit of no metal binding
(ΔΔGeq→0) implies that the ψο-value reports on an
unperturbed and unstrained TSE. In contrast, the
accurate determination of ϕ-values can require
ΔΔGmutation>1–2 kcal mol−1.43,44 This significant
perturbation can result in a different TSE.20 Further-
more, significantly destabilizing mutations can lead
to non-native ground states,45 a result that compli-
cates the interpretation of ϕ-values.
Finally, it should be appreciated that the use of the

single variant at different cation concentrations to
determine a ψ-value at each site enables a perfect
cancellation of the attempt frequency, or pre-factor,
in reaction rate theory, kf=kattempte−ΔG ‡/RT. For the
determination of the ϕ-value, however, the attempt
frequency is assumed to be the same for the wild-
type and mutant proteins (ΔΔG‡

f=RT ln [(kfw-type/
kfmutant)/(kattempt

w-type /kattempt
mutant )]∼RT ln [kfw-type/kfmutant]).
Results

The TS topology of ctAcP is examined using nine
separate surface biHis ion binding sites located
throughout the protein (Figure 2). To eliminate any
potential non-native metal ion binding, the three
endogenous histidine residues are removed (H25A,
H60A, H74A). BiHis sites then are engineered
individually onto the surface of this pseudo-WT
variant of ctAcP. Two sites are located on each of the
two helices and five sites are placed across strands of
the β-sheet network (Figure 2(b)). Divalent cations
(Co2+, Zn2+, or Ni2+) form complexes with biHis
sites with the degree of stabilization varying among
sites, presumably due in part to differences in
preferred ion coordination geometry and spatial
arrangement of the histidine partners (Table 1).
Initially, denaturant chevrons of all biHis variants

are measured in the absence and presence of high



Table 1. Equilibrium and kinetic parameters for biHis substitutions and divalent metal ion bindinga

Site Mutations ΔGeq ΔGf
‡

mo

mf/m
o ΔΔGmut ΔΔGbind

Me b

High [Metal]b

ϕ ψο
2 pt c ψo

Leffler d
Metalb

(conc)
ΔGeq
ΔG‡

f

mo

mf/m
o

PWT H25A −5.56±0.09 3.35±0.07 NA NA NA NA NA NA NA NA
H60A 2.02±0.07 0.80±0.01
H74A

A, H1 K24H −4.82±0.10 3.36±0.10 −0.89±0.04 −0.60±0.04 −5.01±0.06 3.04±0.05 0.21±0.02 0.07±0.02 0.01±0.01 Co
A28H 1.79±0.10 0.78± .01 1.58±0.05 0.77±0.01

B, H1 A28H −4.68±0.12 3.64±0.13 −1.16±0.16 −0.30±0.05 −4.32±0.16 3.17±0.16 0.30±0.02 0g ND Co
K32H 1.96±0.12 0.81±0.01 1.55±0.16 0.81±0.01

C, H2 S56H −5.08±0.10 3.66±0.10 −1.12±0.03 −0.67e −5.39±0.21 3.08±0.13 0.83±0.01 0.19±0.01 0.34±0.01 Zn
H60H 1.28±0.10 0.78±0.01 1.14±0.14 0.76±0.02

C, H2 S56H −5.08±0.10 3.66±0.10 −1.12±0.03 −0.85e ND ND 0.83±0.01 ND 0.46±0.09 Co
H60H 1.28±0.10 0.78±0.01

C, H2 S56H −5.08±0.10 3.66±0.10 −1.12±0.03 −1.5e ND ND 0.83±0.01 ND 0.37±0.00 Ni
H60H 1.28±0.10 0.78±0.01

D, H2 R59H −4.69±0.09 3.58±0.10 −1.38±0.04 −0.36±0.05 −4.64±0.09 3.33±0.09 0.62±0.01 1.05±0.07 1.10±0.04 Co
E63H 1.29±0.09 0.78±0.01 1.46±0.09 0.78±0.01

F,β1-4 E12H −3.78±0.13 3.62±0.18 −1.64±0.06 −0.84±0.07 −4.20±0.13 2.82±0.09 0.62±0.01 1.44±0.10 ND Zn (2)
N79H 1.41±0.14 0.85±0.01 1.46±0.10 0.76±0.02

G β2-5 Q40H −5.75±0.12 3.46±0.10 −0.85±0.04 −0.59±0.05 −5.70±0.13 3.24±0.10 −0.14±0.04 −0.12±0.05 0.13±0.02 Ni
V97H 1.93±0.12 0.71±0.01 1.72±0.12 0.74±0.01

H,β2-3 W38H −2.61±0.10 4.02±0.23 −3.39±0.07f −0.94±0.11f −2.92±0.16 3.22±0.23 0.44±0.01f 1.11±0.08f 1.06±0.02 Zn
Q50H 0.85±0.10 0.82±0.01 1.45±0.19 0.80±0.02

I, β1-3 Q50H −4.35±0.11 3.27±0.12 −1.26±0.04 −1.49±0.06 −4.69±0.15 2.44±0.11 −0.03±0.02 0.53±0.03 1.05±0.03 Zn (0.5)
D10H 1.93±0.12 0.78±0.01 2.48±0.13 0.76±0.02

J, β1-4 D10H −3.33±0.12 3.61±0.19 −2.08±0.06f −0.28±0.06f −3.39±0.13 2.30±0.17 0.47±0.02f 0.70±0.09f ND Zn
N81H 1.22±0.12 0.84±0.01 1.10±0.13 0.79±0.09

a To minimize extrapolation errors, values forΔΔGeq,ΔΔGbind
Me , ϕ-value and ψο

2 pt-value are calculated usingΔΔGf
‡ andΔΔGu

‡ values determined at 1 M and 4 MGdmCl, respectively, generated from
a simultaneous fit to the two relevant chevrons, with the parameter of interest being one of the fitting parameters. Units are kcal mol−1 (free energies) or kcal mol−1 M−1 (m-values). NA, Not applicable,
ND, not determined.

b High metal concentration is 1 mM, except if noted in the last column in parenthesis, in mM.
c Obtained from the shift in the chevron upon the addition of high concentration of metal ions, and a two point fit to equation (1).
d ψο-Value obtained from a Leffler plot using data acquired at multiple metal ion concentrations.
e Obtained from the spread in the ΔΔGbind

Me in the Leffler plot.
f Calculated using ΔΔG at 0.5 M and 3.5 M GdmCl, due to lowering of chevron midpoint upon biHis substitution.
g Ill-defined as ΔΔGf

‡ is statistically zero (−0.005±0.042) while ΔΔGeq=−0.30±0.05.
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(millimolar) concentrations of divalent cations. The
chevron vertices are shifted to higher denaturant
concentrations as a result of metal-induced stabili-
zation. For all variants, the slopes of the chevron
arms remain largely unchanged, indicating that the
surface area buried in the TS does not change as a
result of either mutation or metal binding (Table 1).
This invariance indicates that biHis mutations and
ion binding do not induce any qualitative changes in
the folding pathway.

Helical and sheet structure in the TSE

Results of ψ-analysis on ctAcP indicate that helix
H1 is unstructured, H2 is partially formed, and
strands β1–4 adopt the native arrangement in the
TSE (Figure 2). Four sites in the two α-helices are
tested: sites A and B on H1 (residues 22–32) and
sites C and D on H2 (residues 55–66). From the
denaturant chevrons measured in the absence and
presence of metal ions, site A and site B are found
to have ψo=0.02±0.03 and 0.07±0.02, respectively.
Hence, H1 does not participate in the TS ensemble
even after 1.6 kcal mol−1 of metal-induced stabi-
lization.
For site C in H2, both the folding and

unfolding arms of the chevron shift, whereas for
site D on the same helix, only the folding arm
shifts upon the addition of metal ions. The
resulting ψo-values are 0.37±0.01 (NiCl2) and
1.11±0.03, respectively. These results indicate
that the carboxy-terminal end of H2 is fully
formed while the other end of the helix partici-
pates at a lower level in the TSE.
The β-sheet network, with the exception of β5,

adopts a native-like organization in the TS. For the
biHis sites bridging β1-β3, β1-β4, and β2-β3, the ψ-
values are constant and near unity over the
measured range of metal ion concentrations. How-
ever, the ψ-value for the site traversing strands β2-
β5 is zero, indicating that β5 does not participate in
the β-sheet network in the TS.
Our observation of the formation of helix H2 and

the absence of H1 in the TSE also is found in a ϕ-
analysis study.46 However, our ψ-value of zero
between the β2-β5 contrasts with a mutational
study of the human homolog muscle AcP (88%
sequence identity), which concludes that the β2-β5
connection is formed in the TSE.11 This conclusion is
based on a high ϕ-value for F94 on β5 (ϕF94L=0.76±
0.15), and F94's extensive interactions with the rest
of the protein (F94's phenyl ring is “sandwiched” in
between strand β2 and helix H1).
To investigate the apparent discrepancy, we

examined two mutations, F94L and F94A. In both
cases, the folding arms of the chevron are coincident
with the wild-type's arm despite the large degree of
destabilization, ΔΔGeq

mutation =1–3 kcal mol−1 (Sup-
plementary Figure 1). The resulting ϕ-values are
nearly zero, which indicate that F94 is not making
interactions with the rest of the protein. Further-
more, the absence of helix H1 in the TSE, as found in
the present and the earlier study,46 is inconsistent
with a high ϕ-value for F94L because F94's phenyl
ring is packed in between H1 and β2 in the native
state. This packing is impossible in the TS because
helix H1 is absent in the TS. Hence, a high ϕ-value is
implausible. Finally, the mutations that make AcP
susceptible to fibril formation are primarily in
β5.11,47 This result suggests that on the unfolding
pathway, this strand unfolds and is available for
inter-protein contacts prior to the TS.

Fractional ψ-values and TS heterogeneity

All sites have ψ-values of zero or one, except for
site C located at the amino terminus of helix H2.
Values of zero or unity are accepted as the absence or
presence of a native-like biHis site in the entire
TSE.26,28,42,48 However, as noted by Fersht,42 Gold-
enberg (private communication), Sosnick et al.26,28
and subsequently by Kiefhaber et al.,48 fractional ψ-
values, as with fractional ϕ-values, can be inter-
preted in several ways. Fersht's earlier analysis49
and the other three treatments of ligand binding
attribute the acceleration of folding rates to the
explicit binding and stabilization of the TS. Fersht's
2004 interpretation of ψ-values focuses on shifts in
the unfolded state populations. In the shared view,
fractional ψ-values arise either from the formation of
native-like binding site in a fraction of the TSE at a
level given by the fraction ψ-value, or a single site
with non-native binding affinity in the TS, or a
combination thereof.
Delineation between the heterogeneous and

homogeneous scenarios for the lone fractional ψ-
value at site C is investigated using three divalent
metal ions having different coordination geome-
tries. Ni2+, Zn2+, and Co2+ preferentially have
octahedral, tetrahedral, and square planar/octahe-
dral coordination geometries,50 and stabilize the
native state by 1.5, 0.9 and 0.7 kcal mol−1,
respectively. Nevertheless, the measured ψ-values,
when extrapolated to the zero metal condition, are
nearly the same, ψo=0.37±0.01, 0.34±0.01 and
0.46±0.09, respectively (Figure 4). Given their
different coordination preferences, the same frac-
tional binding is unlikely to be maintained for a
single site. If the site had a distorted geometry or
was flexible, metals with different coordination
geometries could stabilize the TS to different
extents, relative to the stability they impart to the
native state, and thus, they likely would return
different ψ-values.
In contrast, in the heterogeneous scenario, the ψ-

values are expected to be the same with different
metal ions even if they bind the native-state with
different affinities. The ψ-value should only depend
on the fraction of the TSE that has native-like
binding affinity, and not the magnitude of the
binding affinity, which can vary from metal to
metal. Although a homogeneous model wherein the
three ions have the same fractional affinity in the TS
cannot be ruled out, we believe that the similarity of
the observed ψ-values for site C best supports the
heterogeneous model.
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Figure 4. Multi-metal test supports intermediate ψ-
value are indicative of TS heterogeneity. Leffler plot for
site C using Ni2+, Co2+, and Zn2+. The similarity of the
results supports the view that the fractional ψ-value
observed is due to a fraction of the TSE containing a
native-like biHis binding site at the amino terminus of
helix H2. The alternative interpretation of a curved Leffler
plot, a distorted biHis site with lesser affinity, would have
resulted in significantly different ψ-values for the three
ions as they have different coordination geometries.
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Furthermore, in the dimeric GCN4 coiled coil, the
ψ-values quantitatively reproduce the known
degree of TS heterogeneity under the assumption
that sites are either formed with native-like or
unfolded-like binding affinity (i.e. fully present or
absent, respectively).20,27 Additionally, the ψ-
values increase in accordance to the change in
flux as destabilizing mutations introduced at the
other end of the coiled coil reduce the probability
of nucleation at these positions located 2 1/2 turns
away. This result is inconsistent with a fractional
ψ-value representing a single site with non-native
binding affinity. These results support the inter-
pretation that the ψ-value can report on the degree
of TS heterogeneity.
Given these results and structural considerations,

we believe that fractional ψ-values generally reflect
TS heterogeneity. Fractional ψ-values can readily
arise from microscopic heterogeneity such as the
fraying of a helix or an edge of a β-sheet, events that
can occur in the native state. Such fraying events are
likely to be in fast equilibrium relative to the transit
time over the barrier. The equilibrium between these
individual states can be established in the TSE if they
interconvert right at the saddle point on the reaction
pathway. Alternatively, the equilibrium can be
established if the states are traversed multiple
times as the molecules go back and forth across
the top of the barrier. During these passages, the
trajectory samples each configuration with a relative
weighting equal to the ψ-value. Such repeated
barrier crossings are expected for reactions in
solutions having intermediate barrier heights, as
envisioned by Kramers' theory.51
Models of ctAcP TS

Two models are created for ctAcP's TSE using the
ψ-values as constraints (Figure 5). A minimalist
model is created using only the ψ=1 values as
constraints, and a more extensive model, which
includes a slightly larger β-sheet network, and the
entire H2 helix to reflect the fractional ψ-value
observed at the amino terminus (site C). Structured
regions around the ψ=1 sites are left in their native
configuration while the regions outside the nucleus
are fully unfolded. Native hydrogen bonds are
retained where possible as high ψ-values imply
near-native backbone geometries for the two histi-
dine partners. The presence of hydrogen bonds in
the TSE is further supported by the high fraction of
the surface being buried in the TS (mf/mo∼80%),
and our previous kinetic amide isotope studies
which found concomitant surface area burial and
hydrogen bond formation in the TS.52,53 After
inserting the side-chain groups using the Swiss-
PdbViewer V3.7†, the relative contact orders
(RCO)35 of the minimal and maximal models are
73 and 79% of the native value, respectively.
These models are further refined to reflect the

mounting evidence that the polypeptide undergoes
some relaxation along the folding trajectory, for ex-
ample, minimizing energy through the formation of
non-native hydrophobic interactions. Such relaxa-
tions have been observed in the intermediates of Rd-
apocytochrome b562,54IM7,55 and apomyoglobin.56
In Ub, the ϕL76A=0 result at a core position is ratio-
nalized by the TS structure relaxing to accommodate
the loss of the three methyl groups in the alanine
mutant. This rearrangement is not possible in the
more rigid native structure, so that the relative
energetic penalty in the TS is less than anticipated
for an otherwise fully buried side-chain.28
Given this evidence for structural relaxation and

our TS models are created assuming either native-
like or unfolded-like regions, the models are relaxed
using an all-atom, implicit solvent Langevin
dynamics (LD) simulation with the OPLS-AA
force field,57,58 using the protocol and model
developed by Shen and Freed.59,60 The unity ψ-
values are reflected as distance constraints between
the two Cαs of the residues composing the biHis
site. In order to account for different, and possibly
non-native binding geometries, the backbone is
allowed to re-orient with the Cα–Cα distance
allowed to freely vary by up to 0.5–1 Å (see
Materials and Methods) with larger excursions
constrained by a flat-well harmonic potential
(spring constant of 100 kcal/Å2). After the first
2 ns of the 5 ns trajectory, the minimal and maximal
models have RCO values that are 75(±2)% and
80(±2)% of the native RCO value, respectively
(Figure 5). From each of the two trajectories, a
representative structure is selected. These two
structures illustrate the range of conformations

http://www.expasy.org/spdbv/


Figure 5. TS models constructed using ψ-value results and LD simulations. (a) At the TSE, two broad structural
classes exist, both containing strands β1–4 and the carboxy end of H2. Due to the intermediate ψ-value for site C, a
fraction of the TSE contains a fully structured H2. Models depicted are typically structures from the LD simulations using
the OPLS-AA force field for the minimal model created using ψ-values ∼1 (top), and maximal model created using ψ-
values >0.3 (bottom) as constraints. The contact maps in the upper right triangle are for the initial (left) and the final (right)
TS structures. The contact map of the native structure is shown in the lower left triangle for comparison. Blue regions are
unstructured, whereas red indicates native-like structure. (b) Trajectory of RCO for the minimal and maximal models,
normalized to the average value observed for a trajectory of the native state. Over the 10 ns native trajectory, the protein
remained within 1.5 Å RMSD of the crystal structure.

763Folding Transition State of Acyl Phosphatase



764 Folding Transition State of Acyl Phosphatase
that may be found in the TSE of ctAcP. The
fractional surface burial in these models, relative
to the native state and the unfolded state,61 varies
from 79–88%. This burial level is in good agreement
with the high fraction of the denaturant sensitive
surface buried in the TS (mf/mo∼80%).
It may be considered that the models even after

the LD simulations have a native-like bias as a result
of the native structure serving as the starting
template. To further remove the native bias and
test the robustness of their RCO values, we heated
the two TS models to 373 K for 5 ns. The resulting
models are only slightly different compared to their
298 K counterparts (<2 Å RMSD, Supplementary
Figure 5) and the relative contact order remains
within the error of the original value (Supplemen-
tary Figure 6).
This modeling process followed by LD simulation

is repeated for Ub using theψ-values obtained in our
previous study.26 The minimal and maximal mod-
els, generated using theψ=1 and the ψ>0 sites, have
RCO values of 80(±2)% and 84(±2)%, respectively
(Supplementary Figure 2). The small difference in
the RCO values for the minimal and maximal
models with each protein indicates that this quantity
is robust to whether fractional ψ-values represent
microscopic heterogeneity or the presence of a
single, but distorted site.
Discussion

Single consensus TS in ctAcP

In Ub, the consensus TS structure is extensive,
minimally containing strands β1–β4, and part of
the major helix.26 Having two helices, the α–β
motif appears twice in ctAcP and has been
considered to be critical in the folding of ribosomal
protein S6.62 This led to the possibility that the
folding of ctAcP might occur through two structu-
rally disjoint TSs, each containing one of the two
helices with some fraction of the β-sheet network.
However, ψ-analysis indicates that the TSE of
ctAcP contains only H2 and strands β1–β4, with
no evidence of the participation of H1 or strand β5
(Figure 5).
The degree to which ψ-analysis can detect a

minor TS population is determined by the amount
of metal-induced stabilization imparted to the
structure present only in the minor TS. For
example, the Leffler plot for site B in helix H1 is
flat over the range ΔΔGeq= 0.6 kcal mol−1, with a
zero ψο-value (0.01±0.01). If the plot remained flat
for an extra 1.4 kcal mol−1 of binding energy, i.e.
the site still does not participate in the TSE even
after being significantly stabilized, then the upper
limit of its fractional population in the TSE can be
decreased by tenfold to 0.1%. This reasoning can
be applied to the ψ∼1 value for site D in H2,
which has been destabilized by 1.4 kcal mol−1
because of the introduction of the biHis mutations.
In spite of its destabilization, H2 still fully
participates in the TSE, as indicated by the Leffler
plot having a slope of unity across the entire range
of stabilization (ψo

Site D=1.10±0.04). After account-
ing for the increase in H2 stability in the pseudo-
wild-type protein, and assuming that site D is
present at least at the 96% level in the TSE (based
on the 4% error), then H2 should be present at the
99+% level in the TSE of the pseudo-wild-type
protein.

Generality

Evidence for TS heterogeneity in the folding of
small proteins is limited (in the absence of proline
isomerization).15,17,26,63,64 Both the Serrano15,65 and
Baker17 groups found no evidence for a shift in
pathway upon the destabilization of elements
formed in the TS of SH3 domains. Similarly, loop
insertion studies did not detect pathway
heterogeneity.17,64 Other work has investigated the
role of topology either through cross-linking or
circular permutation. Topological changes
sometimes62,66–68 but not always17,69 result in
different TSs. The existence of distinct TSs reveals
that there is structural diversity at the rate-limiting
step in the different versions. However, these results
do not mandate that heterogeneity exists for the
same version of the protein.
In addition to the dimeric GCN4 coiled coil, an

example of TS heterogeneity was observed in the
folding of titan by Clarke and co-workers.19 Hetero-
geneity is identified by an upturn in the unfolding
arm of the chevron plot. The pattern of ϕ-values
indicates that the larger of the two TSs contains an
extra β strand and some additional structure formed
around the periphery of the central nucleus. This
type of heterogeneity seems closer to microscopic
heterogeneity described earlier, rather than an
example of disjoint nuclei. Generally, unless there
is a strong symmetry to the protein (see Klimov &
Thirumalai70 and references therein) as observed in
the dimeric coiled coil,27 Protein L71 and Protein G,68
a single folding nucleus is likely to be a general
phenomenon in the folding of small proteins.

TS structures and contact order

We and others proposed that the folding of small
proteins is a nucleation process where the forma-
tion of a coarse version of the native chain
topology is the critical step.72–74 This proposal is
bolstered by the strong correlation between log kf,
and RCO, a measure of topological complexity as
discovered by Plaxco et al.35 (Figure 6). This
correlation and others75–77 point to the two-state
folding reaction being limited by an initial con-
formational search for some threshold amount of
the native-like topology.
ψ-Analysis identifies residue–residue contacts,

which makes it particularly well-suited to addres-
sing the origin of the correlation between kf and
RCO, which reflect properties of the TS and the



Figure 6. Correlation between relative contact order
and folding rates. Each data point represents an individual
two-state protein. The red line indicates the best linear fit
to the data, which we believe represents proteins that form
∼80% of the native topology at the TS. Data obtained from
Plaxco et al.35 and Maxwell et al.99
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native state, respectively. The TSEs identified for
both ctAcP and ubiquitin using ψ-analysis coupled
with the modeling and LD simulations, have RCO
values that are ∼80% of the native RCO value.
The similarity between these two proteins,

combined with the general RCO trend suggests
an intriguing hypothesis: for the proteins that
obey the trend, their TSs also should have ∼80%
of the native RCO. That is, in order for the
correlation to be valid across a range of proteins,
the TS of each protein must have a similar
relationship to its native state. Given that the
TSEs of ubiquitin and ctAcP have ∼80% of the
native RCO, the TSEs of these other proteins also
should have RCOTS∼0.8RCOnative. Effectively,
ctAcP and Ub's values for the RCOTS help
rationalize and calibrate the connection between
kf and RCO of the native state.
Vendruscolo et al. came to a similar conclusion

about TSs for different proteins sharing a common
fraction of their native RCO.78 Starting from the
native structure, they generated a TSE using
molecular dynamics constrained by ϕ-values,
which are assumed to equal the fraction of native
contacts formed by the residue in the TSE. However,
they found that the average RCO of the TSE is only
∼50% of the native value for ten proteins, rather
than the ∼80% observed for ubiquitin and ctAcP in
our study. Potentially, the lower level observed in
their simulations, which are constrained by ϕ-
values, is because this parameter reflects energies
and not structures, and hence, can under-report
chain–chain contacts.28
Recently, Wallin and Chan used Go-like Cα-

Langevin modeling for 13 proteins.79 They observed
that the average RCO of their TSEs was ∼70% of the
native values, in very good agreement with our
work. However, as stressed here and in numerous
other works,76,77,80 the success of RCO correlation
does not prove that this particular parameter best
describes the physical origin of the correlation.
Other parameters also can exhibit good correlation
with ln kf. These parameters include the long-range
order (LRO), which is the number of contacts for
sequence-distant residues separated by more than lc
residues, but within a distance of rc, normalized
with respect to L, the total number of residues,81 and
the topomer search model's ΛD parameter, which is
equal to LRO*L.82
Accordingly, for the minimal and maximal TS

models, we calculated the fraction of the native LRO
and the ΛD values over the last 3 ns of the LD
simulation at 298 K. For ctAcP and ubiquitin,
LROTS/LRON=ΛD

TS/ΛD
N=0.76–0.77 and 0.56–0.81,

respectively, using a maximum Ci,α–C j,α contact
distance of 6 Å and a minimum sequence separation
of |i–j|>12 residues. The results are not as uniform
over the LD trajectory as for RCO. The RCO,
however, is calculated using the number of heavy-
atom contacts, rather than the number of Cα

contacts. When the LRO and ΛD parameters are
calculated using heavy-atom contacts, the fraction
realized in the TS becomes 0.71–0.72 and 0.79–0.81,
for ctAcP and ubiquitin, respectively. Presumably,
the use of the heavy-atom contacts produces more
uniform values by being less sensitive to small-scale
fluctuations in partially folded states. Regardless,
the TSE fractions of the LRO and ΛD are similar for
both proteins. Hence, the proposal that TSEs will
have the same (high) fraction of native topology for
proteins obeying the general RCO trend is robust to
the choice of topological parameter.

Implications

The proposition that RCOTS∼0.8RCOnative can be
used as a constraint in the delineation of TSE for
ctAcP and other proteins. For example in ctAcP, the
absence of an alternative TSE having helix H1
instead of H2, may be attributed to this alternative
TSE having only ∼50% of the native RCO. The high
value for RCOTS also restricts the degree to which a
TS can be small and polarized.1–9 From the ϕ-values
for such proteins, we estimate that RCOTS often is
below 0.5RCOnative, although the precise number
depends on the threshold that a ϕ-value is con-
sidered to be a contact. At face value, these results
would seem to be incompatible with the proposition
that RCOTS∼0.8RCOnative.
However, some caveats exist in the identification

of a small, polarized TS based solely upon medium
to high ϕ-values on one side of the protein. First, ϕ-
analysis leads to an assignment of a small, polarized
TS in ubiquitin, whereas the TS defined by just the
unequivocal ψ=1 sites is much more extensive.28 As
Schmid et al. astutely noted in their studies “the
transition state of CspB folding is polarized energe-
tically, but it does not imply that one part of the
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protein is folded and the other one is unfolded.
Rather, it means that the positions that have reached
a native-like energetic environment in the transition
state are distributed unevenly.”1 That is, energeti-
cally polarized does not necessarily mean structu-
rally polarized.83 Second, the low level of structure
formation inferred from ϕ-analysis in these situa-
tions seems inconsistent with the high percentage of
surface burial in the TS (mf/mo).
The third caveat is that many high ϕ-values in

polarized TSs are associated with turns.1–3,7,84
These high values may not yield a complete picture
of the topology of the TS. For example, Serrano et al.
concluded that the three SH3 homologs, SSo7D, src-
and α-spectrin, fold via different TSs as their turns
have different ϕ-values.85 However, an alternative
interpretation is that the overall TS topology is
similar in all three proteins, but the turns are only
folded to the degree required for the chain to turn
around. Not all turns have to be native-like in order
for the chain to double-back on itself. If true, the
sensitivity of the ϕ-values is more a reflection of the
specifics of the turn, rather than the topology of TS.
For example, the distal β-hairpin in src-SH3 with
high ϕ-values is a tight turn,2 which is quite
sensitive to mutation. The corresponding turn in
SSo7D contains three flexible glycine residues,
which are not as sensitive to mutation, and this
turn has low ϕ-values,85 Hence, ϕ-values could be
different for this turn despite the two proteins
having similar TS topologies.
Conclusion

The TSE of ctAcP has a single consensus nucleus
with only a minor amount of structural variation,
which is best described as microscopic heterogene-
ity. The TS is very native-like in its topology and
amount of surface area burial. For both ctAcP and
ubiquitin, the RCO of the TS is high, ∼80% of the
native value. This high value greatly diminishes the
variability of possible TS structures, thereby redu-
cing the amount of potential TS heterogeneity.
Whether there are multiple pathways up to the
singular TS remains an open issue.
In addition, it remains to be determined whether

the high fractional RCO value is an intrinsic
property of cooperatively folding proteins, for
example, where on the free energy landscape the
entropy–enthalpy balance shifts towards being
downhill in free energy. This shift may occur upon
the formation of a partially desolvated hydrophobic
core, which requires the majority of the native
structure to be formed. Alternatively, this high
fraction could be selected for, either by the choice
of fold or sequence, during evolution. A highly
organized TSE would reduce the amount of partial
unfolding possible on the native-side of the rate-
limiting barrier. As partial unfolding and the
formation of intermediates is associated with fibril
formation,86–88 a highly structured TS would reduce
the possibility of unwanted fibriligenesis.
Materials and Methods

Expression and purification

BiHis double mutants were engineered sequentially
using the QuikChange protocol (Stratagene) in a pseudo-
WT triple-mutant background eliminating native histidine
residues H25A, H60A, and H74A. ctAcP was expressed
and purified as described.89 Protein identity was con-
firmed by electrospray time-of-flight mass spectrometry
(TOF-MS).

Folding measurements

Experiments were conducted in 50 mM Hepes (pH 7.5),
30 °C at a protein concentration of 1–10 μM. Rapid mixing
was accomplished using Biologic brand SFM-4 and SFM-
400 stopped-flow rapid mixing devices.23 Fluorescence
spectroscopy used λex=280–290 nm and λem>320 nm.

Data analysis

The kinetic data were fit to a single exponential and
analyzed according to two-state folding transition, with
ΔGeq, ΔGf

‡, and ΔGu
‡ being linearly dependent upon

GdmCl concentration.29

DGoð½GdmCl�Þ ¼ DGo
H2O �mo½GdmCl� ð5aÞ

DGzf ð½GdmCl�Þ ¼ RTlnkH2O
f �mf½GdmCl� ð5bÞ

DGzuð½GdmCl�Þ ¼ RTlnkH2O
u þmu½GdmCl� ð5cÞ

The slopes mo, mf and -mu, represent the difference in the
amount of denaturant-sensitive surface area buried
between the initial and final states for the transition
under consideration. The data are fit with a non-linear
least-squares algorithm using the Microcal Origin soft-
ware package.
The relative contact order35 was calculated according to

RCO=1/LNc Σi,j
NcΔLi,j where L is the length of the

proteins, ΔLi.j is the sequence separation,Nc is the number
of atomic contacts.

Langevin dynamics

The relaxation of the TS models uses implicit solvent LD
simulation model and method as described by Shen and
Freed.59,90 The all-atom LD simulations proceed by
solving the Langevin equation:

mi
A uYi

At
¼ �jY iU þ fid uYi þAYi tð Þ;

where uYi is the velocity of atom i, ζi is its friction coefficient,
mi is its mass, AYiðtÞ is the random force acting on atom i,
and U is the energy function. In general, the energy
function is a combination of an all-atom force field to
represent the solute–solute interactions and implicit
solvation terms, which attempt to reproduce the influence
of the solvent. These energy functions are given by:

USolute ¼ Ubond þUbend þUtorsion þUimproper þUVDW;

USolvent ¼ UchargeðeÞ þUsolvationðrÞ
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such that the total potential is:

U ¼ USolute þUSolvent:

The energy function,Usolute, is henceforth termed the force
field. We use all-atom OPLS57,58 which has individual
energy terms of the form:

Ubond ¼
X
bonds

1=2dKbðb� boÞ2;

Ubend ¼
X

bond angles

1=2dKuðu� uoÞ2;

Utorsion ¼
X

torsion angles

Kf½1þ cosðnf� DÞ�;

Uimproper ¼
X

improper torsion angles

1=2dKmðm� moÞ2;

UVDW ¼
X

non bonded pairs

4qij
jij

r

� �12
� jij

r

� �6
� �

;

where b is the bond length, θ is the bond angle, χ is the
improper torsion angle, ϕ is the torsion angle, the K are
the respective force constants, and the subscript o
indicates an equilibrium value. The parameter n in the
torsion potential is the multiplicity, and δ is the phase.
The van der Waals potential contains εij the dispersion
well depth, σij the Lennard-Jones diameter, and r the
non-bonded distance.
The first term of the solvation potential USolvent is a

screened Coulomb potential of the form:

Ucharge qð Þ ¼
X
i<j

qiqj
eðrijÞrij ,

where ε(rij) is a Ramstein-Lavery style distance-dependent
dielectric “constant”,91 and the qi are atomic partial
charges. This distance-dependent dielectric constant is
given by:

q rij
� � ¼ Dl �Dl �Do

2
S2r2ij þ 2Srij þ 2

� �
e�Srij ;

where D∞ is the bulk dielectric constant of water, Do is the
limit at small distances, and S is a sigmoidal parameter.
We use the parameters, D∞=78.5, Do=1, and S=0.3. The
second term of the solvation model uses the Ooi-Scheraga
solvent-accessible surface area (SASA) potential,92 which
is of the form:

UsolvationðjÞ ¼
XN
i¼1

giji

where σi is the accessible surface area of a hypersurface
bisecting the first solvent shell surrounding protein atom i
and gi is an empirical (free energy) parameter dependent
on atom type.
All implicit solvent simulations fix the temperature at

298 K using the random force, and the simulation is
performed using a modified, speed enhanced TINKER
molecular mechanics package‡.93 Integration proceeds
using the Verlet algorithm with an integration step of 2 fs.
The lengths of all bonds are frozen using the RATTLE
algorithm,94 and non-bonded forces are computed using
the FAST-LD routine.95 The frictional forces and random
forces are computed using the Pastor-Karplus accessible
‡http://www.dasher.wustl.edu/tinker
surface area model96 with the experimental solvent
viscosity of 0.89 cp. Finally, accessible surface areas,
atomic friction coefficients, and solvation potentials are
updated every 20 fs.
The ψ-value constraints were included in the simula-

tions as follows. The distances between the Cα–Cα atoms
of the residues composing the biHis sites that had ψ=1
were allowed to move by ±0.25 Å (sites F, H), ±0.35 Å (sites
D,J) or ±0.5 Å (site I) from their native distance. Larger
movements were constrained using a flat-well harmonic
potential with a spring constant of 100 kcal mol−1 Å−1.

Surface area and topological metrics

The surface area was calculated using a probe radius of
1.4 Å. The surface area of the unfolded state was obtained
from the average of 500 model denatured states generated
using backbone geometries obtained from a coil library
followed side-chain insertion using the SCWRL program97

and “nudged” to eliminate steric overlap (hard sphere) by
minor adjustment of backbone dihedral angles§.61 The
relative contact order was calculated according to 1/LN
ΣNΔLij, where L is the length of the protein in amino acid
residues, N is the number of contacts within 6 Å, and ΔLij
is the number of residues separating the interacting pair of
non-hydrogen atoms. The long-range order was calcu-
lated using a contact distance of 6 Å, and a minimum
sequence separation distance of 12 residues.
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Note added in proof: Similar to our results, Shakhnovich et al. conducted all-atom unfolding simulations of
Protein G using phi-values as constraints and found that three pathways converged to common TSE having
native-like topology although with the some amount of structural heterogeneity (Hubner, I.A., Shimada, J. &
Shakhnovich, E.I. (2004). J Mol Biol, 336, 745–761). In similar studies, they observed that three SH3 homologs
also unfolded via a specific nucleus, although the TSE was less structured and more polarized than that for
Protein G (Hubner, I.A., Edmonds, K.A. & Shakhnovich, E.I. (2005). J. Mol. Biol., 349, 424–434).
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