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In ®-value analysis, the effects of mutations on the folding kinetics
are compared with the corresponding effects on thermodynamic
stability to investigate the structure of the protein-folding transi-
tion state (TS). Here, molecular dynamics (MD) simulations (total-
ing 0.65 ms) have been performed for a large set of single-point
mutants of a 20-residue three-stranded antiparallel B-sheet pep-
tide. Between 57 and 120 folding events were sampled at near
equilibrium for each mutant, allowing for accurate estimates of
folding/unfolding rates and stability changes. The ® values calcu-
lated from folding and unfolding rates extracted from the MD
trajectories are reliable if the stability loss upon mutation is larger
than ~0.6 kcal/mol, which is observed for 8 of the 32 single-point
mutants. The same heterogeneity of the TS of the wild type was
found in the mutated peptides, showing two possible pathways
for folding. Single-point mutations can induce significant TS shifts
not always detected by ®-value analysis. Specific nonnative inter-
actions at the TS were observed in most of the peptides studied
here. The interpretation of ® values based on the ratio of atomic
contacts at the TS over the native state, which has been used in the
past in MD and Monte Carlo simulations, is in agreement with the
TS structures of wild-type peptide. However, ® values tend to
overestimate the nativeness of the TS ensemble, when interpreted
neglecting the nonnative interactions.

peptide folding | transition state

he ®-value analysis is a protein engineering approach to
investigate the transition state (TS) ensemble in protein
folding (1, 2). The ® value of residue i, that is the ratio
AAG7s.p/AAGy.p between the free energy change in the TS and
native state (N) because of a mutation of the residue i [taking the
denatured state (D) as a reference], represents the degree of
nativeness of the structure around residue i in the TS. Obser-
vations derived from ®-value analysis of many proteins, carried
out in several research groups, have revealed that the TS is an
ensemble of structures with an overall topology similar to the
folded state, but with looser interactions (ref. 3 and references
therein).
® values are usually interpreted in terms of native contacts (4).
This description has been successfully used to obtain sets of
conformations from the TS ensemble of several proteins (5-9) and
to bias molecular dynamics (MD) trajectories toward the TS (10).
On the other hand, specific nonnative interactions may be formed
at both the TS and denatured-state ensemble and lead to a wrong
picture of TS if not taken into account (11). Furthermore, different
experimental conditions or mutations may determine detectable
changes in the TS structure, showing the presence of parallel
pathways (12, 13) and, thus, a heterogeneous TS. In addition, the
ensemble average associated with the use of certain folding ob-
servables, like the degree of tryptophan burial, may disguise the
presence of multiple folding pathways and folding intermediates
(14). Namely, a recent study (15) suggests that not all conformations
obtained in MD simulations by using ® values as restraints on a
subset of the native contacts belong to the TS.
The TS structures can be identified by MD simulations through
the calculation of their folding probability Psoq (16), ie., the
probability that a trajectory started from a given structure reaches
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the folded state before unfolding. The concept of Pjyq calculation
was first introduced in a method for determining transmission
coefficients, starting from a known TS (17), and used to identify TSs
of simple conformational changes (e.g., tyrosine ring flips) (18).
The approach has recently been used to study the otherwise very
elusive folding TS by atomistic Monte Carlo off-lattice simulations
of small proteins with a Go potential (6, 15) and a 21-residue
polyalanine helix without Go potential (19) as well as by implicit
solvent MD simulations with a physicochemical potential (8, 20).
MD simulations are particularly useful to investigate structured
peptides at atomic level of detail. Structured peptides usually form
stable secondary structure elements, i.e., the building blocks of most
of the larger proteins. Hence, they represent the simplest protein
conformations. Understanding their process of folding will help to
characterize the folding mechanism of larger proteins.

Here, we use MD simulations with an implicit model of the
solvent to describe the TS ensemble and evaluate ® values for
several single-point mutants of Beta3s, a designed three-stranded
antiparallel B-sheet peptide of 20 residues (21). Beta3s has been
successfully characterized by MD simulations of reversible folding
in which the native long-range nuclear Overhauser effect distance
restraints are mostly satisfied (22). The length of the simulations in
the present work has been chosen to achieve near-equilibrium
sampling of the phase space of the peptides at the melting tem-
perature of the wild type.

This work was inspired by the following questions: Is it possible
to extract @ values from trajectories near equilibrium? Are ® values
a measure of the extent of formation of contacts in the TS
ensemble? How heterogeneous is the TS ensemble of a small
structured peptide? Does the d-value analysis allow for the obser-
vation of any TS movement? What is the importance of nonnative
contacts in the TS conformations? Analysis of the trajectories of
Beta3s and its mutants allows for an atomic detailed picture of its
phase space that is useful in answering these questions. In addition,
the simulation results indicate that for the accuracy of a @ value the
threshold in the change of stability (0.6 kcal/mol) is smaller than
postulated by Sanchez and Kiethaber (1.7 kcal/mol) (23) and the
same as suggested recently by Fersht and Sato (24).

Methods

Mutants of Beta3s. Thirty-two single-point mutations of the hydro-
phobic and aromatic side chains W2, 13, W10, Y11, I18, and Y19
were investigated (Fig. 1). The six sites of mutation are distributed
along the sequence of the peptide, two for each strand. Between
four and eight mutations have been studied for each site. Six of the
32 mutations are nondisruptive (I3A, I3V, Y11F, I18A, 118V, and
Y19F), six mutations are conservative but change the steric prop-
erties of the side chain (I3M, Y11L, Y11M, I18M, Y19L, and
Y19M), and the remaining 20 mutations are radical but acceptable
because, in most of the cases, they do not change significantly the
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Fig. 1. Schematicrepresentation of the Beta3s peptide, where the wild-type
(WT) sequence and the mutants are indicated. The backbone HBs (dotted
lines) and side-chain contacts (SC, dashed lines) common to most of the
peptides are reported.

TS of the peptide, as showed in Results and Discussion. This result
is probably due to the fact that the side chains of Beta3s are not fully
buried in a densely packed hydrophobic core, as is the case in larger
proteins (24).

MD Simulations. All simulations and part of the analysis of the
trajectories were performed with the program CHARMM (295).
Beta3s was modeled by explicitly considering all heavy atoms and
the hydrogen atoms bound to nitrogen or oxygen atoms [PARAM19
force field (25)]. A mean field approximation based on the solvent-
accessible surface was used to describe the main effects of the
aqueous solvent on the solute (26). Ten MD runs of 2 us each (total
of 20 us for each mutant) with different initial velocities were
performed with the Berendsen thermostat at 330 K, which is close
to the melting temperature of wild-type Beta3s (27). To improve
sampling, the solute-solvent friction has been neglected that has no
effect on the thermodynamic properties of the system (27). Despite
the absence of collisions with water molecules, in the simulations
with implicit solvent, relative rates are comparable with the values
observed experimentally. Helices fold in ~1 ns (28), B-hairpins in
~10 ns (28) and triple-stranded B-sheets in ~100 ns (27), whereas
the experimental values are ~0.1 (29), ~1 (29), and ~10 us (21),
respectively. Moreover, the effects of the viscosity on the folding
and unfolding rates are essentially the same because the solvent-
accessible surface and radius of gyration of Beta3s are only
marginally larger in the 330 K denatured-state ensemble with
respect to the native state (30). A time step of 2 fs was used and the
coordinates were saved every 20 ps for a total of 10° conformations
for each mutant. During the 20-us simulation time, between 57 and
120 folding events were observed for every mutant (Table 1), thus
providing sufficient statistical sampling for the kinetic analysis (see
below for definition of folding event). This result is supported by the
small difference in the native population measured for each indi-
vidual mutant on two disjoint equal-size subsets of the trajectories
(5% on average, the largest being 13%).

Clustering. The conformations of each peptide were clustered by the
leader algorithm (31, 32) based on the distance rms (drms) devi-
ation considering the C* and CP atoms. The drms and rms
deviations were recently shown to be highly correlated (15). This
algorithm is very fast, even when analyzing sets of 106 structures like
in the present work. The drms cutoff of 1.2 A has been chosen on
the basis of the distribution of the pairwise drms values in a
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subsample of the wild-type trajectories. The distribution shows two
main peaks that originate from intra- and intercluster distances,
respectively (data not shown). The cutoff is located at the minimum
between the two peaks.

Native Contacts. As in our previous work (22), a hydrogen bond
(HB) is defined as native if the distance between the hydrogen and
oxygen atoms is <2.5 A for more than two-thirds of the confor-
mations belonging to the most populated cluster. A side-chain
contact is defined as native if the distance between the center of
mass of the two residues averaged over the most populated cluster
is <6.5 A. Seventeen native contacts are common to the wild type
and all mutants (but Y11V, see Results and Discussion) and 24 are
common to the wild type and more than half of the mutants (Fig.
1). The latter set of contacts has been chosen as the reference for
assessing the degree of nativeness of the structures, measured by the
fraction of native contacts (Q). The high number of common native
contacts shows that the most populated cluster of each mutant
(except Y11V) is structurally the same as the one of the wild type.

Folding/Unfolding Events and Rates. The fraction of native contacts
Q has been computed along the trajectories of all peptides. A
folding (unfolding) event occurs when, along the trajectory, Q first
reaches values >0.85 (<0.15) immediately after a previous unfold-
ing (folding) event (22). All of the trajectories are started from the
folded state, thus, the first event is always an unfolding. The average
time separation between a folding (unfolding) event and the
previous unfolding (folding) event is the folding (unfolding) time 7
(7). The folding and unfolding rates are ks = 1/7and k, = 1/,
respectively.

@ Values Calculated from Folding/Unfolding Rates. As in the kinetic
experiments used to measure ®*P values, free energy changes
with respect to wild type are computed from the folding and
unfolding rates with the free energy of the denatured state as
reference.

AAGYS_p=RT log (k' /k™) [1]
AAGY" p=RT log [(k}""/kf (k™ [k, )] [2]

The ® value is ® = AAGYS_,/AAGK™ . Values of AAGYS
and AAGK™,, from multiple mutations at the same site can be
displayed on a single plot. The slope of the corresponding
regression line is called the multipoint ® value (23, 24).

Folding Probability and Definition of Native, TS, and Denatured-State
Ensemble. The native state of the peptides consists of rapidly
interconverting clusters, and the same holds for the denatured
state. The following approach is used to group them together.
The segment of MD trajectory after each snapshot is analyzed
until it first reaches a Q value of >0.85 (i.e., the snapshot leads
to folding) or <0.15 (unfolding). For each cluster, the ratio
between the snapshots that lead to folding and the total number
of snapshots in the cluster is defined as the cluster Proq. This
value is assumed as an approximation of the Pj,q of any single
structure of the cluster. We have recently shown that cluster Pyoiq
values evaluated with this procedure correlate well with the Pgoiq
values estimated by starting several MD simulations from dif-
ferent structures of a given cluster and counting the fraction of
those that fold (F.R., G.S., and A.C., unpublished work and
Supporting Text, which is published as supporting information on
the PNAS web site).

The native state, the TS, and the denatured-state ensemble
consist of the snapshots in the clusters with Prjq = 0.51, 0.49 = Pgoiq
<0.51, and Pgoiq <0.49, respectively (see Figs. 7 and 8, which are
published as supporting information on the PNAS web site). Their
statistical weights are Wy, Wrs, and Wp, respectively; these values
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Table 1. Stability, folding/unfolding rates, and ® values of the mutants

AAGKP, AAGKD |,
Mutation* Whigha" % Nat. Cont.* Wiowa,® % 77 ns N4 Tw**ns Nt kcal/mol#* kcal/mol#* P88
WT 21.4 19.3 1.7 2.9 70 =10 92 67 =6 94
W2A 26.5 18.1 £ 2.3 3.5 107 = 14 108 63 *+6 114 —-0.32 £ 0.15 —-0.28 = 0.13 0.87 + 0.57
W2F 335 18.8 £ 2.2 3.4 106 = 14 97 82 +8 103 —-0.14 £ 0.16 —-0.27 £ 0.13 —
w2L 24.9 18.2 = 2.2 6.3 109 = 16 101 63 *+5 111 -0.34 £ 0.16 —-0.30 £ 0.14 0.87 = 0.57
wav 23.6 18.3 = 2.3 4.4 124 = 17 95 62+ 6 102 —-0.43 + 0.16 —-0.38 £ 0.13 0.89 + 0.45
w2y 21.9 185+ 24 6.4 129 + 21 93 65+ 6 98 —-0.43 £ 0.16 —-0.41 £0.14 0.95 + 0.49
13A 19.9 18.7 = 2.2 3.9 137 = 18 92 64 +5 101 -0.48 £ 0.15 —-0.44 + 0.13 0.93 + 0.40
I3F 33.0 18.8 + 2.1 3.3 121 = 22 83 93 +8 91 -0.15 £ 0.17 —-0.36 = 0.15 —
I3L 28.5 185+ 24 3.9 119 £ 19 94 72 £7 101 -0.31 £ 0.17 —-0.35 £ 0.14 1.1 £0.77
13M 30.2 189 = 2.2 5.4 108 = 19 94 81=+9 102 -0.16 £ 0.17 -0.29 + 0.15 —
13V 37.2 18.6 + 2.1 5.2 124 + 18 75 109 £10 83 —-0.06 = 0.16 —-0.38 = 0.14 —
W10A 31.8 19.5 = 2.1 5.0 161 = 21 74 95 + 10 79 —-0.32 £ 0.16 —-0.55 £ 0.13 1.7 £0.93
W10F 41.3 18.7 £ 2.2 3.8 77 =9 120 78 = 6 127 0.04 = 0.14 —0.06 = 0.12 —
wi1o0G 12.7 19.3 £ 2.2 3.1 212 + 32 60 68 +9 69 -0.72 £ 0.17 -0.73 £ 0.14 1.0 = 0.31
wiol 30.8 18.3 = 2.1 6.0 129 = 17 77 88 +9 83 —-0.23 £ 0.16 —-0.40 £ 0.13 —
wioL 20.8 18.8 = 2.2 4.2 166 = 22 81 58 £ 5 87 -0.67 = 0.16 -0.57 £ 0.13 0.86 + 0.28
wiom 18.4 19.0 £ 2.2 6.6 155 + 21 82 52 +5 91 —0.68 = 0.16 —-0.52 £ 0.13 0.76 = 0.26
wiov 17.2 17.8 £ 25 6.7 259 + 40 57 65 + 11 64 —-0.88 + 0.19 —-0.86 = 0.14 0.98 + 0.26
wioy 26.2 19.0 = 2.1 3.5 118 = 15 94 77 =7 98 -0.26 = 0.15 —-0.35 +£0.13 —
YT11A 5.7 18.1 £ 2.0 2.3 249 + 38 64 30+ 3 71 -1.37 £ 0.17 —-0.84 = 0.14 0.61 + 0.13
Y11F 33.1 19.1 £ 2.2 4.4 138 + 20 73 112 +12 79 -0.11 £ 0.16 —-0.45 £ 0.14 —
Y11L 14.8 18.6 = 2.1 4.8 169 = 23 76 54 +6 83 -0.72 = 0.16 —-0.58 £ 0.13 0.81 = 0.26
Y11M 11.3 18.0 £ 2.2 3.5 152 + 24 95 35+3 105 —-0.94 + 0.16 —-0.51 £0.14 0.54 + 0.18
Y11V 5.7 17.0 £ 2.7 7.4
118A 12.3 185+ 2.3 2.4 168 = 22 80 53+6 88 -0.73 = 0.16 -0.58 £ 0.13 0.79 = 0.25
118F 21.3 19.0 £ 2.0 3.2 159 + 23 74 72 +8 83 —-0.50 £ 0.17 —-0.54 £ 0.14 1.1 = 0.46
118L 22.2 19.0 £ 2.2 4.4 145 + 19 73 94 +9 81 —-0.26 £ 0.16 —-0.48 £ 0.13 —
118M 28.9 18.8 = 2.2 4.8 97 = 15 99 77 = 6 106 -0.13 = 0.16 -0.22 £ 0.14 —
118V 29.6 18.8 = 2.3 3.2 124 + 20 87 86 *+9 93 —-0.22 £ 0.17 —-0.38 £ 0.14 —
Y19A 20.7 18.6 =+ 2.4 7.4 123 £ 18 90 84 +8 95 —-0.23 = 0.16 —-0.37 £ 0.14 —
Y19F 29.2 184 + 2.2 3.8 130 = 18 92 71 =7 98 —-0.37 £ 0.16 -0.41 £0.13 1.1 = 0.59
Y19L 30.0 183 2.2 3.2 117 £ 17 83 88 +8 89 -0.17 £ 0.16 —-0.34 £ 0.13 —
Y19M 17.5 185 + 2.3 6.2 155 = 26 68 97 =10 76 —-0.28 = 0.17 —-0.52 £ 0.15 —

*Mutants in italics are radical but acceptable and mutations in Roman are conservative (see Methods and ref. 24).

TStatistical weight of the three most populated clusters with Q = 16/24.

*Average number of contacts in the three most populated clusters with Q = 16/24.

SStatistical weight of the three most populated clusters with Q < 16/24.
TAverage folding time.

INumber of folding events.

**Average unfolding time.

TTNumber of unfolding events.

**The SD have been obtained by propagation of the error on 7rand .
kin

$5Dashes indicate unreliable ® values because of |[AAGy" p| <0.3 kcal/mol. The reliable @ values and the corresponding large stability changes (24) are bold. The
multipoint ® values are 0.77, 0.60, 0.79, 0.46, 0.72, and 1.23 for W2, 13, W10, Y11, 118, and Y19, respectively.

can be used to evaluate relative free energies by a different equation
with respect to the kinetically evaluated AAGX™. In the canonical
ensemble, AG7L_j, = —RTlog (Wrs/Wp) and AAGRY , = —RTlog
(Wn/Wp). An excellent match is observed between the AAG,‘i}'l D
and AAGR! |, values (correlation coefficient of 0.99) and a good
correlation between AAGYS , and AAGSY_j, (correlation coeffi-
cient of 0.73) (See Fig. 8). The agreement represents a consistency
check for the parameters used to define folding and unfolding
events. That activation free energy differences computed with the
two sets of data show larger discrepancies than do changes in
stability is because of the difficulty in sampling the TS ensemble.
Note that the AAGER ,, vs. AAGSY_,, correlation increases by
decreasing until 0.02 the interval width of cluster Psyq values
defining the TS ensemble (data not shown). The AAG7{_j, is only
very slightly affected by the width of this interval because of the
much larger number of structures in the denatured and native states
than in the TS.

Structural ® Values Based on Atomic Contacts. In each snapshot, a
van der Waals contact is defined when the distance between two

630 | www.pnas.org/cgi/doi/10.1073/pnas.0406754102

heavy atoms is <6 A. pn(i) and prs(i) measure the fraction of
native and TS structures, respectively, in which the contact i is
formed. If py(i) >0.66, the contact i belongs to the set of the
native contacts (NC). The structural ® value

> prsli)
Suu®(R) = 1  iencr) 3]
e S Mycw Y pati)’

iENC(R)

where Myc(r) is the number of native contacts of residue R,
represents an estimate of the degree of nativeness of residue
R at the TS ensemble. This measure has been used in the past
to give a structural interpretation to experimental ® values (4,
5, 10). An estimate of the relevance of nonnative interactions
at the TS is obtained by extending the computation to all
possible contacts (AC), including contacts not present in the
NC set

Settanni et al.
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Fig. 2. @ values as a function of change in the native state stability upon
mutation. The shadowed horizontal region indicates 1 SD around the multi-
point ® value. The ® values span a wide range and become anomalous for
|AAGK | smaller than ~0.3 kcal/mol. The ® values corresponding to muta-
tions with [AAGK" | >0.3 are mainly in the normal range, i.e., between 0 and
1, and are in agreement with the multipoint ® value. Vertical dashed lines are
drawn at AAGK" 5 = —0.3 kcal/mol and AAGK" 5 = —0.6 kcal/mol. The ® value
of mutations 13V, W10F, and Y11F are located outside of the plot boundaries.
The graphs are ordered according to the antiparallel g-sheet topology of
Beta3s with vertical orientation of the three strands, and the N (Left Upper)
and C (Right Lower) termini, respectively.
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Results and Discussion

MD Simulations of Reversible Folding. The native structure of the
wild type, i.e., the three-stranded antiparallel B-sheet with turns at
G6-S7 and G14-S15, is also the most populated in all of the mutants,
as shown by the cluster analysis of the trajectories (Table 1). The
only exception is Y11V, which has a more distorted native state and
has not been considered for further analysis. Moreover, there is no
predominant structure in the denatured state for any of the
mutants. The number of folding and unfolding events observed
along the trajectories ranges from 57 to 120 and from 64 to 127,
respectively (Table 1). Interestingly, the values of the stability
change upon mutation, calculated with Eq. 2, show that all mutants
are less stable than wild-type Beta3s, except for W10F and I3V,
which are essentially as stable as Beta3s. This result is not unex-
pected because Beta3s is a designed peptide whose sequence was
carefully optimized for its fold (21).

Accuracy of Two-Point and Multipoint @ Values. Fig. 2 shows the ®
values extracted from the simulations as a function of the change in
free energy of folding upon mutation (see also Table 1). Because
of the difficulties in the interpretation of ® values, as many mutants
as possible have been considered and the resulting ® values divided
into classes of reliable, tolerable, and unrehable according to the
size of the induced stability change AAGK™ . The deviations from
the 0—1 range are large for unreliable ® values, i.e., for mutations
with [AAGK" 5| <0.3 keal/mol, in agreement with previous obser-
vations (23) Indeed, in the unreliable class, the deviation can be
observed for both radical mutations (e.g., I3F, W10A, and Y19A)
and for nondisruptive mutations (e.g., I3V, Y11F, and 118V). For
tolerable ® values, i.e., 0.3 kcal/mol = | AAGK" D| <0.6 kcal/mol,
the deviation from the 0-1 interval is less frequent but the relative
error is large. The eight reliable ® values (JAAGK",| = 0.6
kcal/mol) are all in the range of 0-1 and have a small SD In a small
structured peptide like Beta3s, most residues have a relatively large
exposed surface area in the folded state so that conservative
mutations generally induce small free-energy changes. Indeed,

Settanni et al.
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Fig.3. AAGHD , plotted vs. AAGK™, for all of the mutants grouped according
to the mutation site along the structure of Beta3s. The optimal regression line
(including the wild-type data point) is plotted, and its slope, i.e., the multi-
point @ value, is reported in the lower right corner of each graph with the SD
derived from the fit in parentheses. The correlation coefficient is 0.91, 0.67,
0.93,0.86,0.87,and 0.88 for W2, 13, W10, Y11, 118, and Y19 mutants, respectively.

among the six conservative mutations, only I18A falls into the
reliable class. For this reason, more radical mutations have been
also investigated.

The multipoint ® of Beta3s as extracted from the simulations are
reported in Fig. 3. The good linear relationship between AAG'}‘;‘ D
and AAGK™ ,,, observed in mutants of W2, W10, Y11, and Y19,
supports the validity of the multipoint analysis for these residues
and indicates a substantial similarity among the folding TS ensem-
bles of those peptides. In mutants of 13, the linear correlation is
weaker than the others, and in 18, there is a change in the slope for
AAGKP ;, < —0.3 kcal /mol. A possible explanation for the presence
of a hnear relationship in the multipoint plots is the partial
flexibility of the native state of Beta3s (20). Its partially exposed
nonpolar side chains that have been mutated in this work are
involved in less-specific interactions with the rest of the peptide than
buried side chains in the hydrophobic core of larger proteins.
Because of the partial flexibility, the mutations do not affect only
specific interactions but produce an effect that is spread over the
large available set of contacts and thus averaged over them. This
averaging of the effects of mutations in the native state may
translate into a simple linear dependence of the effects in the TS.
In this context, deviations from linearity may indicate TS shifts (see
Heterogeneity of the TS Ensemble).

In multipoint plots, different local probes of the same residue
are forced in a single fit that can yield wrong estimates (33). As
an example, in the I -V — A — G mutation series. the I -V
measures interactions originating from tertiary structure con-
tacts, the V — A measures a mixture of tertiary and secondary
structure interactions, whereas the A — G reports almost
exclusively on secondary structure formation (33).

In a framework (34) or diffusion-collision (35) mechanism of
folding, the tertiary ® values will most probably be lower than
secondary @ values, even for the same residue. In the case of
Beta3s, where the formation of B-sheet backbone HBs and long-
range contacts between side chains are concomitant events (see
figure 4 in ref. 22), different mutations probe the formation of the
same level of structure (i.e., the B-sheet) with no distinction
between secondary and tertiary components. This result supports
the validity of the multipoint analysis for Beta3s that we do not want
to generalize to proteins with more complex folds.

Given the peculiarities of Beta3s, i.e., concomitant formation of
secondary and tertiary structure and partial flexibility of its folded
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Fig. 4. Distribution of the fraction of native contacts in the N-terminal
B-hairpin (Q12) and C-terminal B-hairpin (Q3) for the TS ensemble in the
wild-type and 118 mutants. The color indicates the density of conformations
and it changes from blue to red as the density increases. The two separated
maxima correspond to the two possible folding pathways. (Upper) The more
stable species. (Lower) The less stable species. A destabilization of >0.3
kcal/mol for 118 mutants results in a shift of the TS from B-hairpin 2-3 to
B-hairpin 1-2.

state, multipoint ® values may add information on the accuracy of
the two-point ® values. Indeed, reliable and tolerable @ values fall
mostly within an SD from the corresponding multipoint ® value
(Fig. 2), whereas unreliable ® values show large deviations. Five of
the six multipoint @ values of Beta3s are >0.5. For diffuse TS
ensembles of proteins of ~100 residues, ® values of ~0.2-0.3 have
been measured experimentally (36, 37). The high ® values of Beta3s
are probably because of the small size of the peptide. Because of its
small size, a large part of the native interactions of the hydrophobic
residues is already present in the rate-limiting step (see below).

Heterogeneity of the TS Ensemble. In the wild-type Beta3s, two
parallel folding pathways were identified (22, 38). They correspond
approximately to conformations having either of the two native
B-hairpins formed and the remaining strand unstructured as re-
vealed by the fraction of contacts formed in the two hairpins Q1>
and O»3. The TS conformations of the mutants have been analyzed
and a similar scenario has been found in all of them. However, the
relative abundance of the two pathways is different for different
mutants. In most of the mutants, the most populated (thus, rate-
limiting) pathway corresponds to the formation of the B-hairpin
2-3, followed by the formation of the B-hairpin 1-2, as in the wild
type. In some of the mutants of I3, W10, and 118, the relative weight
of the two pathways is inverted. In the multipoint plot of 118 (Fig.
3), the wild-type and the less destabilized mutants (i.e., I18V and
118M) lie on a much steeper line (slope = 1.8) than the more
unstable I18F and I18A (slope = 0.2). I18L lies on the crossing of
the two lines. The presence of a kink in the linear relationship in the
multipoint plot indicates a shift in the folding pathway (24, 39), as
confirmed by structural analysis of the TS ensemble of wild type and
mutants of 118 (Fig. 4) Wild type, 118V, and I18M have a TS
ensemble with B-hairpin 2-3 that is more structured than B-hairpin
1-2 (i.e., Q23 > Q12). On the other hand, for the remaining mutants,
the population of the pathways is either similar (I18A), or B-hairpin
1-2 is more structured than B-hairpin 2-3 (I18F and I18L), reveal-
ing a shift in the folding pathway determined by the destabilization
of B-hairpin 2-3. This destabilization could be a consequence of
different steric requirements of y-branched side chains (Leu and
Phe) with respect to B-branched (Val) or unbranched (Ala and
Met). A similar shift is observed for the mutants of I3, where a
destabilization >0.3 kcal/mol leads to a structural change of the TS
(data not shown). Whereas for mutants of 13 and I18, the TS shift
can be inferred from the multipoint plot, this is not the case for the
WI10L, W10Y, and W10V mutants, whose distribution of Q1, and
(o3 at the TS (data not shown) indicates a more frequent folding
pathway through early formation of B-hairpin 1-2.

The structural ® values, i.e., the amount of contacts formed at the
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Fig.5. Heterogeneity and nonnative structure of TS. The labels on the right
indicate mutants with the C-terminal B-hairpin more structured at the TS (I)
and mutants with the N-terminal B-hairpin more structured at the TS (Il). Each
solid curve corresponds to a single-point mutant and the lines are drawn to
help the eye. Vertical lines indicate the position of the G6-S7 and G14-S15
turns. In the first four rows, the structural ® values (Snat @ and Sp; @) are the
ratio between the number of contacts formed in the TS and native state. Snat
® takes into account only native contacts, whereas Sa; ® also includes non-
native contacts at the TS and can assume values >1. In the last two rows,
ACx(R) = 3 e cx.r) [prs(i) — pa(i)] is the difference between the contacts formed
in the TS and in the native state between residue X and R. Positive values
indicate that in the TS, there are more contacts than in the native state. Both
S7 and S15, if the corresponding hairpin is not native (i.e., in the class of
mutants | and Il, respectively), have a larger number of contacts in the TS than
in the native state with K9 and the residue in position 10, and K17 and the
residue in position 18, respectively. A smaller number of contactsin the TS than
in the native state is observed with Q4 and Q12, respectively.

TS ensemble relative to the native state, provide a precise indication
of the distribution of structure at TS with respect to the native state.
The Sy® profiles can be divided in two major classes (Fig. 5). The
first class (I) contains all of the mutants with a TS that is more
structured around the C-terminal G14-S15 turn, according to the
Snat® values, whereas the structure around the N-terminal turn
features many nonnative interactions, according to the large Say®.
This class contains the wild type, the mutants of W2, Y11 and Y19,
and the mutants 13V, I3M, WI10G, 118V, and 118M. The second
class (II) contains the mutants that have a TS more structured
around the N-terminal turn, as reported by the Sna® values,
whereas the C-terminal turn is involved in many nonnative inter-
actions, as shown by the Sa;® profile. This class contains the
mutants I3A, W10L, W10Y, W10V, I18F, and I18L. The remaining
mutants show S,P profiles that lie between the two major classes
(data not shown).

Specific Nonnative Structure in the TS. The large number of nonna-
tive interactions made by S7 and S15 in peptides of class I and 1II,
respectively, at the TS (Fig. 5) is mainly constituted by contacts with
the lysine residue in position i + 2 (K9 and K17) and with the
residue in position i + 3. On the other hand, the contacts of S7 and
S15 with 04 and Q12, respectively, are significantly less in the TS
than in the native state. The secondary structure analysis of the
G6-S7/G14-S15 residues in the disordered hairpin at TS indicates
them as forming a turn in most of the conformations. However, the
HBs between residues N5 and T8 (N13 and T16), characterizing the
native type II' turn, are present only in 34% (40%) of the TS
structures of the mutants of class I (II). Furthermore, no other
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Fig. 6. Comparison between reliable two-point ® values (filled squares) of
mutants with a TS similar to wild type, and the structure of wild-type TS as
measured by S,® values (open symbols). The structural ® values are the ratio
between the number of contacts formed in the TS and native state. Syat® takes
into account only native contacts, whereas Sa;® includes native and nonnative
contacts. The two-point ® values tend to overestimate the degree of native-
ness of the TS (measured by Snat®) because of the presence of specific non-
native interactions.

specific backbone HBs are formed that define different types of
turn. All these data indicate that the precursors of the type II' turn,
formed by the G-S pair of amino acids, are prevalently loose turns
devoid of a specific backbone HB pattern that are shifted by one
residue to the C terminus. Nonnative interactions, thus, are spe-
cifically involved in determining the commitment to fold of a
conformation.

Structural Interpretation of ® Values. Both Sy, ® and San® profiles
of wild-type Beta3s provide a detailed picture of its TS. A com-
parison has been made with the reliable ® values derived from
mutations that do not change significantly the TS of the peptide
(i.e., W1OM, W10G, Y11A, Y11L, Y11M, and I18A), as indicated
by the similarity of the S,® profiles (namely, none of these mutants
belong to class II, see above). This analysis allows for the assessment
of the common interpretation of the @ as a ratio between contacts
formed at the TS and native states (Fig. 6). The comparison reveals
that, within their error, the two-point @ values are in agreement
with both S,®s. However, the former tend to overestimate the
degree of native structure present at the TS ensemble (i.e., reliable
@ > Snac®) because specific nonnative interactions are formed at
the TS.

Conclusions

The near-equilibrium MD simulations of Beta3s and eight single-
point mutants have provided an accurate estimate of @ values for
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the mutations with stability changes of >0.6 kcal/mol. For such
mutations, the SD on the value of ® is relatively small, and the
two-point @ value is close to the corresponding multipoint ® value,
and to the structural ® value that is a measure of the amount of
contacts in the TS relative to the native state. In the other cases, the
error is large and the estimate is less reliable. The value of the
stability change threshold (0.6 kcal/mol) obtained from the simu-
lation results of Beta3s and its mutants is smaller than the one
proposed by Sanchez and Kiefhaber (1.7 kcal/mol) (23). Although
it is not possible to extrapolate the simulation results to larger
proteins with well defined hydrophobic cores, it is reassuring that
the same validity threshold was suggested recently by Fersht and
Sato (24) for ® values of nondisruptive deletion mutations, and was
used in a study of the CspB protein (40), whereas a very close
threshold was used for the immunity proteins Im7 and Im9 (0.7
kcal/mol) (41).

The cluster Pjoq progress variable has been used for the identi-
fication of TS structures. The TS ensemble of Beta3s and its
single-point mutants is made up of two sets of conformations with
either of the two B-hairpins folded. A TS shift from structured
B-hairpin 2-3 to structured B-hairpin 1-2 has been observed for
some of the mutants with different steric properties of the side
chain, e.g., B-branched vs. y-branched. Furthermore, the important
role of specific nonnative interactions in the TS has been revealed.
Indeed, when either of the two hairpins is formed in the TS, the
residues corresponding to the native type II' turn assume in the
unstructured hairpin mainly the conformation of a loose turn
shifted by one residue in the C-terminal direction. Specific nonna-
tive contacts distinguish the TS conformations from other struc-
tures having the same native interactions but having different
nonnative interactions. Hence, neglecting nonnative interactions
may prevent a complete understanding of the factors that are
responsible for protein folding.
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