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Experimental and computational folding studies of Proteins L & G
and NuG2 typically find that sequence differences determine which
of the two hairpins is formed in the transition state ensemble (TSE).
However, our recent work on Protein L finds that its TSE contains
both hairpins, compelling a reassessment of the influence of se-
quence on the folding behavior of the other two homologs. We
characterize the TSEs for Protein G and NuG2b, a triple mutant of
NuG2, usingψ analysis, a method for identifying contacts in the TSE.
All three homologs are found to share a common and near-native
TSE topology with interactions between all four strands. However,
the helical content varies in the TSE, being largely absent in Proteins
G & L but partially present in NuG2b. The variability likely arises
from competing propensities for the formation of nonnative β turns
in the naturally occurring proteins, as observed in our TerItFix fold-
ing algorithm. All-atom folding simulations of NuG2b recapitulate
the observed TSEs with four strands for 5 of 27 transition paths [Lin-
dorff-Larsen K, Piana S, Dror RO, Shaw DE (2011) Science 334
(6055):517–520]. Our data support the view that homologous
proteins have similar folding mechanisms, even when nonnative
interactions are present in the transition state. These findings em-
phasize the ongoing challenge of accurately characterizing and pre-
dicting TSEs, even for relatively simple proteins.
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Although different sequences can adopt similar structures,
each one encodes for a unique free energy surface that may

lead to distinct folding behavior. This issue has been investigated by
probing how folding transition state ensembles (TSEs) differ for
homologous proteins (1, 2). Both experimental and computational
studies of the α/β homologs Proteins L & G typically identify their
TSEs as being polarized, consisting of either the N- or C-terminal
hairpin, respectively (3–16). Moreover, NuG2, a variant of Protein
G designed to have a more stable N-terminal β1 + β2 hairpin, is
thought to fold through a TSE featuring this hairpin rather than the
C-terminal β3 + β4 hairpin found in its parent’s TSE (15).
However, we recently demonstrated that Protein L’s TSE con-

tains both hairpins in a four-stranded β sheet, whereas the native
helix remains weakly formed, if at all (17). The difference between
this and prior studies emerges from our use of ψ analysis with
engineered bi-histidine (biHis) metal ion binding sites to directly
identify the residue-residue contacts in the TSE (18–20), whereas
the earlier investigations used mutational ϕ analysis (10–16). The
revised picture of Protein L’s TSE provides the present motivation
for a corresponding analysis on Protein G and NuG2 to properly
investigate their sequence–folding relationship.
Accordingly, we apply ψ analysis to Protein G and NuG2b,

a fast folding, triple mutant of NuG2 studied by Shaw and

coworkers in all-atom molecular dynamics (MD) simulations
(21). These two proteins have 73% sequence identity, whereas
Proteins G & L share only 13% identity (22). In common with
Protein L, their TSEs are deduced to contain four β strands, in
contrast to the polarized TSEs previously identified (15). This
significant discrepancy is due in part to the presence of nonnative
hairpin structures in the TSEs of the two naturally occurring
proteins (15, 16). These nonnative turns are likewise found in silico
using our TerItFix folding algorithm (23–26), which uses sequence-
dependent Ramachandran maps to predict native structures and
folding pathways. Moreover, our experimental TSE for NuG2b
proves to be in partial agreement with all-atom simulations (21).

Results
ψ Analysis. A total of 28 biHis sites were individually introduced
into Protein G and NuG2b at locations designed to probe the
TSE for the presence of strand-strand pairings, helix formation,
and a long-range contact (Fig. 1). The addition of zinc or nickel
ions, which can coordinate the pair of histidines, alters the
protein’s stability and activation free energy for folding (ΔΔGeq
and ΔΔGf, respectively) due to differences in binding and dis-
association constants KDSE, KN, and KTSE for the denatured state
ensemble (DSE), native state ensemble (NSE or N), and TSE
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(SI Materials and Methods and Fig. S1). The ion-induced changes
in the folding rate and stability are used to define the ψ value, a
parameter analogous to the standard mutational ϕ value, with ψ
being the instantaneous change in ΔΔGf relative to ΔΔGeq

ϕmutation =
ΔΔGf

ΔΔGeq

����
mutation

;   ψ=
∂ΔΔGf

∂ΔΔGeq

����
ΔΔGeq

. [1]

Any potential artifacts related to the alteration of the folding
behavior by the metal ion binding are alleviated by evaluating ψ
in the limit of zero perturbation

ψ0 ≡
∂ΔΔGf

∂ΔΔGeq

����
ΔΔGeq=0

=
eΔΔGf

�
½Me2+�

��
RT − 1

eΔΔGeqð½Me2+�Þ=RT − 1
. [2]

As defined, ψ0 reflects the intrinsic degree of contact formation
in the TSE in the absence of metal ions. This ability to calculate
ψ in the limit of vanishing metal ion concentration provides in-
formation on the conformation of the TSE before any ion-
induced perturbation.
ψ0 values of zero or unity indicate that the ion binding affinity

of the biHis site is the same as found in the unfolded or native
site, respectively. These two behaviors are interpreted as the
biHis site being absent or native-like in the TSE, respectively. A
fractional ψ0 value indicates that the biHis site either is native-
like in a subpopulation of the TSE or contains nonnative binding
affinity (e.g., a distorted site with less favorable binding geometry
or a flexible site that must be restricted before ion binding), or
some combination thereof (18–20, 27). ψ0 values greater than
unity are possible and can reflect the presence of the biHis site in
the TSE but with a stronger affinity for ion binding than the
native state. Mutational ϕbiHis values also are calculated for each
biHis site using double mutant data (in the absence of metal
ions) and the WT protein data as a reference point.

Structural Variations Within a Common TSE Topology. The pattern of
ψ0 values indicates that the three homologs share a common TSE
topology. Each TSE features interactions among the four strands
to varying extents (Figs. 1 and 2, Figs. S2–S4, and Tables S1 and
S2). Notably, ψ0 values for biHis sites within the hairpins are
typically higher than for sites on β1 + β4 bridging the two
hairpins. At least one significant ψ0 value is present for each of
the strand-strand pairings for Protein G and NuG2b, indicating
that all three interstrand interactions are present in the re-
spective TSEs. Both hairpins in NuG2b contain at least one
near-unity ψ0 value, whereas the interhairpin ψ0 value is 0.8 at
sites k and l. Protein G exhibits two near-unity ψ0 values on its
C-terminal hairpin (ψ0 = 0.9 for sites h and i) and another high
value between the hairpins (ψSite  k

0 = 0.7). A noncanonical ψ0 value
(where ψ0 ∉ [0,1]) occurs for site b in Protein G (ψSite  b

0 =−5.1).
This result coupled with the nearly vanishing ψ0 values at sites a,
c–e, and n implies that the N-terminal hairpin is partially formed
in the TSE and has nonnative interactions.
The results for site b in Protein G, which is located in the middle

of the hairpin, are particularly informative as they indicate the
presence of nonnative interactions in the TSE. Both folding and
unfolding rates diminish approximately fivefold for this site on the
addition of 1 mM Zn2+ (Fig. 3), indicating that the free energy of
the TSE increases by 1 kcal/mol relative to both the NSE and
DSE, whereas the stability of the native state is effectively un-
changed (ΔΔGeq < 0.2 kcal/mol). This unusual behavior is ex-
plained by the formation of a binding site with similar affinity in
both the NSE and the DSE (KN = 23 ± 1 μM; KDSE = 33 ± 2 μM),
but the site in the TSE has nonnative character and an ∼10-fold
weaker binding affinity (KTSE = 333 ± 38 μM).
The nearly vanishing ψ0 and ϕbiHis values for the helical sites

indicate that the helix is only weakly formed or absent within Pro-
tein G’s TSE. This finding mirrors previous observations derived for
Protein L from both ψ (17) and ϕ analyses (12). Despite having
nearly the same sequence as Protein G, NuG2b’s helix is present to
a greater degree in its TSE. We infer that the lower helical content
of Protein G’s TSE is related to it having a poorer helix-hairpin
interface due to the presence of the nonnative N-terminal hairpin.
The similarity of the fractional ψ0 (0.2–0.3) and ϕbiHis values

(0.3–0.6) for the three exterior sites along NuG2b’s helix is con-
sistent with most of the helix being folded approximately one third
of the time in a rapid equilibrium between docked and unfolded
conformations (corresponding to a Keq = [docked]/[unfolded] ∼ 1/2
within the TSE). Alternatively, the helix could be present but dis-
torted in a more homogenous TSE, as observed for Protein A (28).
Notably, the global chain topologies within the TSEs for

Protein G and NuG2b are similar. Insertion of a biHis site be-
tween the center of the β2 strand and a residue that becomes
helical in the native state yields similar ψ0 values (ψSite m

0 = 0.2)
for the two proteins, whereas ϕSite m

biHis = 0.33 and 0.74 for Protein

Fig. 1. ψ0 and ϕbiHis values for the biHis mutations. NC, noncanonical
ψ0 values where ΔΔGeq → 0 and ΔΔGf ≠ 0 on addition of metal ions, such
that ψ0 → ±∞. ϕbiHis values for which

���ΔΔGbiHis
eq

���< 0.3 kcal/mol are not shown.

Fig. 2. Folding landscape of Proteins G & L and NuG2b.
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G and NuG2b, respectively. These data indicate that the overall
fold is formed in the TSE for both proteins even though the helix
is largely unfolded in Protein G’s TSE.

In Silico Folding. We conducted folding simulations using TerItFix
(17, 23, 25, 26, 29), our homology-free, Cβ-level folding program
that uses realistic sampling of the Ramachandran dihedral angles
and authentic backbone H-bonding. Its Monte Carlo (MC) search
strategy uses the principle of sequential stabilization to iteratively
promote the formation of tertiary contacts and H-bonds across
multiple rounds of folding. Each round involves ∼1,000 in-
dividual MC simulations that are analyzed to identify consensus
interactions and backbone geometries, which are incorporated as
energetic biases in subsequent rounds of folding. This iterative
process continues until the consensus properties converge. In
addition, the multiround nature identifies potential intermediate
species, albeit without an explicit time scale.
A similar evolution of structure is found for the three homo-

logs (Fig. 4). Although only nascent structures are observed at
the end of the first round, the four strands and the helix become
identifiable by the end of round 2. Very native-like structures
appear at the end of round 3 where the algorithm has converged.
The folding behavior, however, does vary between the three

homologs, specifically in their ability to form the native hairpins.
The most accurate structure generated for NuG2b is very close
to the native structure (Cα-RMSD < 2 Å), whereas the best
predictions for Proteins G & L (17) are not nearly as good (Cα-
RMSD ∼ 4–5 Å).
The success for NuG2b and seemingly weaker performance

for the other two proteins lies in the latter pair’s lower backbone
propensities for formation of their native turns (Fig. 5). TerItFix’s
predictions for both of NuG2b’s hairpins are good, e.g., Cα-
RMSD = 0.8 and 1.0 Å across residues K5-T18 and E43-T56,
respectively. Likewise, Protein G’s C-terminal hairpin is well
predicted with Cα-RMSD = 0.8 Å for E42-T55.
However, Protein G’s N-terminal turn region is not as well de-

scribed. The native state adopts a type I turn involving residues K10
and T11, but the Ramachandran sampling distributions strongly
favor the formation of a nonnative type I′ turn involving N8 and G9
(Fig. 5). Consequently, the nonnative turn outcompetes the native
form in the simulations, and the predicted structure contains a two-
amino-acid register shift with an RMSD to the native state of 5.4 Å
across K4-T17. A very similar result occurs for the C-terminal
hairpin for Protein L (17). The nonnative register shifts observed in
silico for Proteins G & L rationalize the noncanonical and the
nearly vanishing ψ0 values observed for the relevant hairpins, in
particular, for Protein G (ψSite  b

0 =−5.1 and ψSite  a
0 = 0).

Nauli et al. (15) modified Protein G to encourage the N-ter-
minal hairpin to adopt a type I′ turn. The ensuing design, NuG2,
thus avoids the conflicting turn preferences present in the WT
protein (Fig. 5). With this redesign, both NuG2b hairpins adopt
native-like geometries in the TerItFix simulations and the ex-
perimental TSE, and the predicted structure is better compared
with results for the other two homologs.
Despite not reflecting true kinetics, TerItFix is capable of

predicting the order of folding events. By the end of round 2, the
diversity of contacts and H-bonds is greatly diminished, and the
predicted ensemble becomes more homogeneous. Therefore, we
analyze the round 2 structures for comparison with the experi-
mental data. Candidate structures from round 2 are culled based
on the observation that the TSEs of two-state folders adopt a
high fraction of the native topology, as defined using the relative
contact order (RCO) parameter, RCOTSE ∼ 0.7∙RCON (17, 30,
31). The culled structures are clustered, and the two largest
clusters are considered potential members of the TSE.
The largest cluster (22%) for Protein G contains the N-terminal

hairpin in a nonnative geometry and docked to an incompletely
formed C-terminal hairpin. The helix is present in both clusters,
contrary to the experimental findings. The two major clusters for
NuG2b contain native-like hairpins that fold before docking, as also
seen in the simulations for Protein G. The largest cluster includes
structures with multiple docking poses for the two hairpins, but not
necessarily in the native registry. The helix in NuG2b’s TSE is found
to be partially to fully folded. The results for NuG2b are generally
consistent with the experimental ψ values.

Comparison with DESRES Trajectories for NuG2b. We also analyzed
the all-atom MD trajectories for NuG2b taken from the land-
mark study of Shaw and coworkers (21). The trajectories for this
protein contain 13 discrete folding and 14 unfolding transition
paths (TPs) between the NSE and the DSE (Fig. S5). The DSE is
described by the simulations as collapsed and highly H-bonded,
whereas experimentally, the DSE is expanded and devoid of

Fig. 3. ψ values for two unusual sites. ψ values can be calculated from the
denaturant dependence of a biHis site in the absence and presence of 1 mM
Zn2+. The addition of Zn2+ to site b of the N-terminal hairpin of Protein G slows
folding and unfolding rates equally, indicating that the site has nonnative
properties in the TSE. Site e in the C-terminal hairpin of NuG2b experiences
destabilization with increasing metal ion concentration, both in the native
state and in the TSE by a similar amount, which produces a near unity ψ0 = 0.8.

Fig. 4. TerItFix simulations. (A) Evolution of Ramachandran angles and
secondary structure from the initial sampling library to the end of round 3
(color coded according to Ramachandran basin). (B) Fraction of residues in
each hairpin forming extended structure. (C) Possible TS structures obtained
from the two largest clusters at the end of round R2 (centroids).
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measurable H-bonding (32). Nevertheless, we examined the
simulations to identify the sequence of structure formation along
the TPs for comparison with experiment.
The helix is at least partially formed across all 27 TPs, but the

degree of β strand formation is heterogeneous. The β4 strand in
14 TPs is docked against the N-terminal hairpin, but the C-ter-
minal hairpin is absent (Fig. S5). Five TPs largely agree with the
experimental data in that both hairpins are formed, although the
degree of hairpin-hairpin contact often is lower in the TP than
indicated by the ψ values. Another five TPs only contain a
formed N-terminal hairpin. The remaining three TPs only have
the C-terminal hairpin formed.
A mean folding TP is generated by averaging the 13 folding

TPs (as defined in ref. 21) after normalizing the reaction coordi-
nate of each TP to begin and finish at 0 and 1, respectively (Fig. S6).
The N-terminal hairpin is already folded in the DSE before any
progression along the mean TP. Interestingly, β4 docks to the
N-terminal hairpin in a nonnative, antiparallel orientation near the
beginning of the TP, but adopts the native parallel orientation by
the end of the TP, suggesting that this change in topology is a critical
folding event. β3 does not fold until the end of the TP, if at all. The
helix is formed at approximately the level indicated by the ψ values.
The major difference between the mean TP and the experimental
data are the formation of the C-terminal hairpin only after the TP in
the simulations. A PFold-style analysis was conducted using all 27
TPs to identify a 328 member TSEMD having 0.4 < PFold < 0.6 (Fig.
S7 and SI Materials and Methods). The average structural content
in the TSEMD is consistent with the analysis of the mean TPs.

Discussion
Our experimental data indicate that the TSEs of three homol-
ogous α/β proteins, Proteins L & G and NuG2b, adopt a similar
four-stranded structure (Fig. 2). These findings contrast with the
long held view that this family possesses small, polarized TSEs
whose structure is strongly sequence dependent (1–16). Despite
the conserved topology, sequence does exert notable effects. The
TSE of Protein G contains an N-terminal hairpin with nonnative

features. Protein L similarly contains a nonnative turn in its TSE,
albeit at the C terminus (17). According to the ψ values and
TerItFix folding simulations, these features are due to alternative
turn geometries in the TSE with a two-amino-acid register shift.
The nonnative properties are not present in the TSE of NuG2b
for both experiments and the TerItFix simulations, consistent
with the design goal of Nauli et al. of a less frustrated N-terminal
hairpin with a single preferred geometry (15). The helix is pre-
sent in the NuG2b’s TSE but not in Protein G or Protein L.
Nonnative interactions provide a partial explanation for the

differences in the TSE and folding rate between the three pro-
teins. The helical amino acid sequence of Protein G and NuG2b
are nearly identical with the same low average helical propensity
(5.4–5.5%) (33). Given this similarity, and the presence of the helix
and the two native-like β turns only in NuG2b’s TSE, we suggest
that two native-like hairpins are required to create a hydrophobic
surface suitable for docking the helix. Without the two native-like
turns in the TSE of the naturally occurring proteins, the helix re-
mains unfolded in their TSE and the kinetic barrier is higher.
The TSEs of Protein G and NuG2b both contain a tertiary

contact between one of the outer strands (β2) and a central
residue in the segment that becomes helical in the native state
(this aspect was not investigated for Protein L). Hence, the
folding of both Protein G and NuG2b converges to a late TSE
with a native-like topology.
Overall, we believe that the folding behavior of the homologs

and other proteins can be explained by a common mechanism, the
principle of sequential stabilization (34, 35). Here, pieces of
H-bonded structure, or foldons, template onto existing H-bonded
structure and often bury a commensurate amount of hydrophobic
surface. This templating occurs both on the route up to the TSE
(20) and on the descent down (34, 35). The incremental buildup of
secondary and tertiary structure mostly produces native- or un-
folded-like regions, as suggested by the frequent observation of
ψ = 0 or 1 and the cooperative pattern of hydrogen exchange
(HX) protection factors within secondary structures (36–39). Folding
steps can involve both local and nonlocal contacts and H-bonds
even during the early stages of folding. This view differs from
models that either favor the folding of one class over the other,
such as secondary structure formation followed by hydrophobic
collapse or vice versa, or ones that stress long-range side-chain
contacts before secondary structure formation.

ψ and ϕ Analyses in the Homologs and Other Proteins. The differ-
ences between our study and previous studies arise in part be-
cause of our use of ψ analysis as opposed to ϕ analysis. The
primary variance between the two methods is that ψ analysis
directly probes residue-residue contacts between two known
partners, whereas ϕ analysis uses energetic perturbations to infer
structure. This inference can be challenging because the per-
turbations introduced by mutations may be the consequence of
multiple factors, including changes in side-chain interactions and
backbone dihedral propensities. In addition, ϕ values can un-
derreport the structural content of the TSE if the TSE relaxes
energetically (40) or involves nonnative features (41–44).
Another situation where ϕ analysis can underreport structure

occurs when a residue’s side chain is buried in the native state but
not in the TSE due to a portion of the protein being unfolded.
This situation applies to residues on the hydrophobic face of the
four β strands in Proteins G & L as the helix is absent in their
TSEs. As a result, a substitution on a strand can yield a smaller
energy signature in the TSE than in the native state. Consequently,
small ϕ values are observed even for residues participating in the
sheet, leading to erroneous inferences about the degree of sheet
structure in the TSE of these two proteins. This issue, along with
relaxation of the TSE, applies to β sheet sites in other proteins
including ubiquitin, e.g., where a value of ϕL67A = 0 is found for a
position that is structured in the TSE according to ψ analysis (19).

Fig. 5. Differences in the Ramachandran propensities of the N-terminal
hairpin in Protein G and NuG2b. The dihedral angles of N8 and G9 in Protein
G have high propensities for the nonnative type I′ turn, whereas K10 and T11
yield low propensities for the native type I turn. NuG2b eliminates the
competition by removing the K10-T11 turn and allowing the N8-G9 pair to
take advantage of their high propensity for a type I′ turn, which becomes
the native turn in this designed protein.
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We believe these and other factors lead to many ϕ values for
structured regions in the TSE being in the range of 0.2–0.5,
rendering them difficult to interpret. In fact, ϕ analysis has been
found to underreport the structure and topology of the TSE in all
cases where both ϕ and ψ analyses have been performed, namely
for acyl phosphatase (45, 46), ubiquitin (19, 31), the B domain of
Protein A (28), Protein L (17), Protein G, and NuG2b (see figure
6 in ref. 17). We suspect underreporting also occurs with other
proteins, particularly those characterized as having a polarized
TSE, such as cold shock protein (47) or src SH3 (48). Overall, the
ambiguities in the interpretation of low to moderate ϕ values
probably has led to an unrealistically diverse range of folding
models and mechanisms, as well as to an overestimation of the
magnitude of sequence effects, as demonstrated here for the
Proteins G & L homologs.
The consistent theme of extensive TSE structure implied by the ψ

values provides additional support for its use in identifying folding
principles. The TSEs of the six globular proteins studied using ψ
analysis share a common and high degree of native topology,
RCOTSE ∼ 0.7∙RCON. This finding rationalizes the well-known
correlation between kf and RCO (49). In contrast, the TSE deduced
from ϕ analysis often barely defines a protein’s fold and the ensuing
RCO levels of the TSE are variable for different proteins.
Furthermore, whereas a 1:1 relationship between H-bond content

and surface burial is found in the TSEs of a variety of proteins (50,
51), the H-bond content of the ϕ-determined TSE for the Proteins
G & L homologs is inadequate to match the ∼80% surface burial
(mf/m0) in the TSE. A recent transfer study by Record and coworkers
(52) supports our conclusion based on ψ analysis that the TSEs of
many proteins have a substantial level of H-bonded structure.
The binding of increasing concentrations of ions in ψ analysis

produces a continuous increase in the stability of TSE structures
that contain the biHis site. Hence, stability is perturbed in an
isosteric and isochemical manner. The resulting series of data
can be justifiably combined, and the ψ0 value can be extracted,
devoid of any perturbation due to ion binding. This ability to
extrapolate to zero ion concentration addresses a potential
misconception that metal binding induces structure in the TSE
and, therefore, biases the outcome.
The implementation of ψ analysis using biHis sites does have

some issues, however. The biHis sites are limited to surface
positions. Furthermore, the introduction of the two histidines
can be destabilizing (<ΔΔGbiHis > Protein G, NuG2b = −1.3 ± 0.8
kcal/mol), just as any substitution may be when implementing ϕ
analysis (particularly as large values of ΔΔG often are viewed as
necessary for accuracy) (53).
Fractional ψ values raise the same issues of interpretation as

fractional ϕ values, including the possibility that they arise from
either TS heterogeneity or partial structure formation (19). Nev-
ertheless (and significantly), the conclusion that the ψ-determined
TSE has near-native topology emerges even when only the sites
with near-unity ψ values are considered.
As NuG2 was designed to shift the TSE from the C- to the

N-terminal hairpin by resolving the nonnative behavior (15), those
results warrant some discussion. The ϕ values were determined
in the background of a variant already having a destabilizing
hairpin mutation, D46A, i.e., the analysis focused on the
NuG2D46A variant rather than NuG2 itself. The D46A mutation
destabilizes the C-terminal hairpin by removing a side-chain to
backbone H-bond between D46 and A48 and a possible H-bond
between D46 and T49 (ΔΔGD46A = −1.5 kcal/mol). In the D46A
background, the T49A substitution has a reduced kinetic effect
that can explain the decrease in ϕT49A from 1.1 in Protein G to
0.3 in NuG2D46A, rather than the actual absence of the hairpin in
the TSE of WT NuG2. In fact, ϕD46A = 0.6 for NuG2 (using
values in table 2 in ref. 15). Hence, we believe that the prior data
are consistent with both hairpins being present in NuG2’s TSE.

Pathway Diversity. The mechanism of sequential stabilization pro-
duces few low energy routes, particularly for proteins with nested
or asymmetric folds. Multiple pathways are possible (54) for
symmetric proteins, although energetic heterogeneity due to se-
quence differences can reduce the degree of pathway diversity
(55). Hence, even for symmetric folds, a given sequence may have
a major route, but the entire family may traverse different routes
due to sequence variation.
This multipath scenario may be occurring with the Proteins L &

G homologs, where alternative routes may be traversed up to the
TSE. Either hairpin can form before the other, with the relative flux
being influenced by the hairpins’ relative stabilities. Potentially, one
hairpin might form along with the adjoining strand before the for-
mation of the other hairpin (e.g., β2 + β1 + β4 → β2 + β1 + β4 +
β3). Both types of pathways appear in the TerItFix and all-atom
simulations, although generally the coarse-grained simulations de-
scribe the hairpin formation as arising independently, whereas the
all-atom simulations typically follow the three-strand motif pathway.
The helix of NuG2b may fold before the folding of both hairpins, as
all three elements can be found in the experimental TSE. However,
we suspect that this possibility does not occur because the helical
sequence is nearly identical to Protein G’s and the helix forms after
the four strands in Proteins G & L.
In two classes of pseudo-1D proteins, coiled coils (56, 57) and

repeat proteins (58–60), local energetic differences alter the location
of the TS nucleus and reduce the extent of pathway degeneracy.
The TSEs of IgG-like domains exhibit some structural diversity but
share a common nucleus that can shift along the strands (2) or be
localized to a subset thereof for one homolog having parallel
unfolding pathways (61). The variable pattern of ϕ values for en-
grailed homeodomains (62) and spectrin domain families (2) has
been interpreted as a change in folding mechanism. Our ψ studies
find that the TSE of Protein A, a small three-helix bundle, con-
verges to an ensemble involving all three helices and with the ter-
minal helices forming contacts that define the overall fold (28). As
mentioned above, the general RCOTSE ∼ 0.7∙RCON trend suggests
that other three helix bundles have similar TS topologies.
In addition to changes in the TSE, the protein sequence can

influence the energy landscape of homologs by altering the en-
ergetics of intermediates (2). A partially misfolded intermediate
accumulates in the folding of Im7, but not its homolog, Im9 (63,
64). HX studies indicate that the intermediates are different
for meso- and thermophilic versions of Rnase H (65). Hence,
pathway diversity is not limited to symmetric folds.

Conclusion
The folding behavior of the Proteins L & G and NuG2b has been
widely viewed as the major example of sequence variation influ-
encing TS structure. However, our application of ψ analysis reveals
that the homologs fold through a similar and nonpolarized TSE
having near-native topology. The variability in the TSE mostly re-
lates to helix formation and likely arises from nonnative turn pro-
pensities for the naturally occurring proteins. This study and prior
studies emphasize that even for small proteins such as these α/β
proteins, as well as for the three helix bundle Protein A (28), con-
siderable challenges remain in correctly characterizing and predict-
ing TSEs. Furthermore, integrated approaches, such as the present
combination of ψ analysis with TertItFix and all-atom simulations,
often are necessary for accurately describing the folding process.

Materials and Methods
Sample Preparation. BiHis sites were inserted into the WT plasmid using the
Quikchange protocol and prepared according to ref. 17.

Folding Kinetics. Kinetic data were collected at 10–20 μM protein concen-
tration in 50 mM Hepes and 100 mM NaCl, pH 7.5, at 20 °C using a BioLogic
SFM400/40000 stopped-flow apparatuses connected to a PTI A101 arc lamp.

Further descriptions of the methods are listed in SI Materials andMethods.
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