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ABSTRACT: The fast folding of small proteins is likely to be the product of evolutionary pressures that
balance the search for native-like contacts in the transition state with the minimum number of stable
non-native interactions that could lead to partially folded states prone to aggregation and amyloid formation.
We have investigated the effects of non-native interactions on the folding landscape of yeast ubiquitin by
introducing aromatic substitutions into the �-turn region of the N-terminal �-hairpin, using both the native
G-bulged type I turn sequence (TXTGK) as well as an engineered 2:2 XNGK type I′ turn sequence. The
N-terminal �-hairpin is a recognized folding nucleation site in ubiquitin. The folding kinetics for wt-Ub
(TLTGK) and the type I′ turn mutant (TNGK) reveal only a weakly populated intermediate, however,
substitution with X ) Phe or Trp in either context results in a high propensity to form a stable compact
intermediate where the initial UfI collapse is visible as a distinct kinetic phase. The introduction of Trp
into either of the two host turn sequences results in either complex multiphase kinetics with the possibility
of parallel folding pathways, or formation of a highly compact I-state stabilized by non-native interactions
that must unfold before refolding. Sequence substitutions with aromatic residues within a localized �-turn
capable of forming non-native hydrophobic contacts in both the native state and partially folded states
has the undesirable consequence that folding is frustrated by the formation of stable compact intermediates
that evolutionary pressures at the sequence level may have largely eliminated.

A significant number of small proteins fold via an apparent
two-state mechanism in which the native properties appear
to rapidly accumulate in a concerted kinetic process of
collapse and stabilization of secondary and tertiary interac-
tions (1). Nonlinear refolding or unfolding kinetics are
signatures for deviations from the two-state model and point
to either very rapid early folding events, the accumulation
of intermediates, or the transient population of high energy
states whose formation is driven by large-scale changes in
topology of the polypeptide chain associated with significant
fractional changes in surface burial (2-10). The folding rates
of many small proteins correlate with various indicators of
folding topology that measure separation along the peptide
chain of contacting residues (contact order) (11, 12). This
continuum of folding mechanisms, from highly populated
intermediates on a three-state pathway to metastable tran-
siently populated species on an apparent two-state pathway,
is underpinned by the relative energies and placement of
barriers (early or late, rate-limiting, or otherwise) and whether
intermediates lie on-pathway or are kinetic traps requiring
error-repair (productive or obstructive).

The nature of the unfolded state remains a largely
uncharacterized component in understanding the protein
folding problem. Evidence suggests that the initial confor-
mational search may be driven in some contexts by extensive
long-range interactions between hydrophobic residues which
appear to persist even under strongly denaturing conditions
(13). The folding of small proteins on a smooth energy
landscape is likely to be dominated by the search for native-
like contacts, with fast folding facilitated by avoiding the
bottlenecks inherent in forming stable non-native interactions
(14-17). In contrast, the opposite is suggested to be the case
for large slow-folding multidomain proteins to ensure that
they reach a functional folded state (13, 18). In these cases,
non-native interactions may have a role in sequestering
residue side chains to prevent protein aggregation and the
development of amyloid structures (19-21).

The characterization of folding pathways is critically
dependent on suitable spectroscopic probes (typically tryp-
tophan) that are able to resolve kinetic processes linked to
folding transitions (typically UfI and IfN in three-state
pathways) and populations of intermediate states. This
distinction becomes problematic when the barrier heights for
the two transitions converge, resulting in rate constants that
are difficult to separate, or when key transitions are spec-
troscopically ‘silent’. Ubiquitin has proved a paradigm for
folding studies (22-28). The F45W substitution has been
used as a fluorescent probe for kinetic studies of ubiquitin
over a period of greater than a decade (24). However, this
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mutant is an example of where the UfI and IfN transitions
appear to be so poorly resolved that they merge to give an
apparent UfN transition and a V-shaped chevron charac-
teristic of an apparent two-state folding mechanism. One
possible resolution of these difficulties lies in the use of
different Trp probes at structurally distinct locations on the
protein surface to enhance the visibility of different folding
transitions and probe both local and global changes in the
conformation of the polypeptide chain as it folds. The work
of Vallee-Belisle and Michnick has described such a strategy
in which Trp probes with different structural sensitivities
were able to distinguish between the UfI and IfN
transitions (27). These ubiquitin mutants, with enhanced
fluorescence of the I-state, resulted in the population of a
stable intermediate that was compact, misfolded, and on the
folding pathway. Although the various transitions appeared
to be ill-resolved for wt-Ub containing the F45W reporter, a
series of helix mutants with incremental stabilization of the
native state through changes to the structural propensity of
the main helix (largely through Ala substitutions at solvent
exposed sites) resulted in the I-state also becoming more
significantly populated with both the UfI and IfN transi-
tions better-resolved (28). The poor visibility of the I-state
in the folding of wt-Ub F45W mutant is most likely
associated with the fact that it is only weakly populated.
Moreover, accelerated folding kinetics correlated with the
increase in helical propensity such as to suggest that the
highly populated I-state is productive for folding rather than
a misfolded on-pathway kinetic trap. The differences high-
lighted by theses two approaches suggest that the nature of
the substitutions that are introduced (large hydrophobic Trp
residues versus stabilized secondary structure) can have a
significant impact on the folding landscape by contributing
to the stability of the misfolded I-state, making it structurally
distinct from intermediates on the folding landscape of wild-
type protein.

We have investigated the effects of non-native interactions
on the folding landscape of yeast ubiquitin by introducing
aromatic substitutions into the �-turn region of the N-terminal
�-hairpin, which is a recognized folding nucleation site in
ubiquitin (29-32). We have used ubiquitin for kinetic studies
with either the native G-bulged type I turn sequence
(TXTGK) or an engineered 2:2 XNGK type I′ turn sequence
with aromatic substitution at position X. We have shown
that the change in stability of ubiquitin correlates with the
statistical preference for different XNGK type I′ turn
sequences, with X ) Val highly preferred (33, 34). The
folding kinetics for wt-Ub (TLTGK) and the type I′ turn
mutant (TNGK) reveal only a weakly populated intermediate,
however, substitution with X ) Phe or Trp in either context
results in a significant increase in stability of the native state
and a high propensity to form a stable compact intermediate
where UfI and IfN kinetic phases are well resolved. In
particular, the introduction of Trp into either of the two host
turn sequences results in either complex multiphase kinetics
involving parallel folding pathways, or formation of a highly
compact I-state stabilized by non-native interactions that must
partially unfold in the transition state before refolding to the
native structure. Sequence substitutions with aromatic resi-
dues within a �-turn implicated in folding nucleation have
the undesirable consequence that stable non-native interac-
tions affect the dynamics of the polypeptide chain (14, 37)

such as to frustrate folding through the formation of stable
compact intermediates that evolutionary pressures at the
sequence level may have largely eliminated.

MATERIALS AND METHODS

Mutagenesis and Protein Expression. A pKK223-3 plas-
mid construct containing the wild-type ubiquitin or F45W
yeast ubiquitin gene was used as a template for mutagenesis
reactions using the QuikChange site-directed mutagenesis
kit and as previously described. Proteins were expressed in
Escherichia coli strain BL21(DE3) under the control of the
IPTG-inducible tac promoter (26, 28, 29).

NMR Analysis of Ubiquitin Mutants. The ubiquitin mutant
WN with aromatic substitution Thr7fTrp7 was analyzed
by NMR at 600 MHz on a Bruker Avance600 spectrometer
with triple resonance inverse-detection probe. Homonuclear
1H 2D NMR (TOCSY and NOESY) data were collected at
298 K on ∼1 mM protein samples at pH 5.0 at a number of
mixing times (100 and 250 ms for NOESY; 70 ms spin-
locking sequence for TOCSY) to aid assignment. A high
proportion of backbone NH, CRH, and side-chain 1H
resonances were assigned using the CCPNMR software (36).
Comparisons of HR chemical shift deviations from random
coil values showed gross similarities with those for the native
(F45W) protein. The most significant chemical shift pertur-
bations could be directly correlated with structural changes
localized to the region of the turn modifications. Chemical
shifts, ring current effects, and NOEs were analyzed to
identify specific side-chain interactions relevant to the
aromatic turn substitutions.

Kinetic Experiments. Kinetic unfolding and refolding
measurements were performed using an Applied Photophys-
ics Pi-star 180 spectrophotometer, with temperature regulated
using a Neslab RTE-300 circulating programmable water
bath. Refolding experiments were performed by 1:10 dilution
of unfolded protein (15 µM in 5 M GdmCl) into buffered
solutions of different GdmCl concentrations yielding a final
protein concentration of 1.36 µM. Experiments at 10-fold
lower dilution were performed to assess the possible
contribution of protein aggregation on refolding rates, but
no differences in rate constant were apparent. Similarly,
unfolding experiments also employed a 1:10 dilution and in
all cases 25 mM acetate buffer pH 5.0 was used as standard.
Kinetic measurements for both unfolding and refolding
reactions were averaged 4-6 times at each GdmCl concen-
tration and the GdmCl concentration was determined using
a refractometer (26, 28, 29).

Analysis of Kinetic Data. The kinetic data were analyzed
using a multiexponential fitting procedure (typically three
refolding phases and one unfolding phase were observed)
with the quality of the fit determined from an analysis of
the residuals (26, 28, 37). Chevron plots were constructed
by plotting the natural log of the observed rate constants
against denaturant concentration (38). Kinetic data which
exhibited deviations from linearity in the denaturant-
dependence of the refolding rates (rollover effects) were fitted
to both on-pathway (UTITN) and off-pathway (ITUTN)
three-state models. The observed rate constants and ampli-
tudes were analyzed globally using IGOR (Wavemetrics) by
simultaneously fitting the normalized amplitudes of the
refolding and unfolding processes to determine the micro-
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scopic rate constants, as previously described (28). Errors
represent those calculated directly from the IGOR global
fitting procedure. In all of the data sets, the fast chevron for
the UTI transition was poorly defined by a limited number
of kIU values in the unfolding arm. Global fitting was guided
by the overall best fit between equilibrium m-values and total
kinetic m-values typically in the range -10 to -12 kJ mol-1

M-1. Although a variation in mIU between -2 and -4 kJ
mol-1 M-1 produced a similar quality of fit to the chevron
and amplitude data, values of -3 ( 0.2 kJ mol-1 M-1 gave
better agreement with equilibrium m-values. On this basis,
mIU was fixed within this range during the global analysis
and values for buried surface areas �TS1, �I, and �TS2 were
calculated accordingly (see Table 1). We further discrimi-
nated between on-pathway and off-pathway mechanisms
using the approach described for cytochrome c based on the
observed relative rate constants (39). Under conditions that
favor the native state, only the on-pathway model allows
the observed rate constant for the unfolding of the intermedi-
ate kIU to be slower than the microscopic rate constant for
the IfN transition. Consistent with this model, we observe
that kIU < kIN in all well-resolved cases, supporting the on-
pathway model.

RESULTS

Effects of Stabilizing �-Turn Sequences on Folding Kinet-
ics. The 2:2 type I′ turn (TNGK) is readily accommodated
in place of the native G-bulged 3:5 type I turn (TLTGK) of
ubiquitin with a small stabilizing effect of only ∼1 kJ mol-1

(33). We analyzed the refolding and unfolding kinetics in
detail making particular use of the amplitude data to resolve
the various kinetic phases. The refolding data for the TN
mutant (<2 M GdmCl) resolve into three phases with rate
constants λ1, λ2, and λ3, and amplitudes A1, A2, and A3. The
slowest phase (λ3 ) 0.3 s-1) has a low amplitude (A3 < 0.1)
which is invariant to denaturant concentration and suggestive
of a slow isomerization-limited folding process (26). The
rate constants for the two faster phases (λ1 ∼ 60 s-1 and λ2

∼ 20 s-1 at ∼1 M GdmCl) have relative amplitudes that are
quite similar (Figure 2a and 2b). A1 decreases at higher
denaturant concentrations, and A2 increases and dominates
the refolding data. The observation of a low amplitude fast-
phase (λ1) is consistent with the rapid population of a weakly
stabilized I-state (UfI) under conditions that strongly favor

refolding; however, the I-state is not significantly populated
at denaturant concentrations >1 M GdmCl. Only a few data
points at the beginning of the fluorescence decay define λ1

which, when combined with the rapid decrease in amplitude
with [GdmCl], makes the fitted rate constants subject to large
uncertainty. We constructed a chevron plot of all of the
refolding and unfolding data, as shown in Figure 2a for the
TN mutant and see obvious similarities with the kinetic data
for wt-Ub with the native TLTGK type I G-bulged turn (28),
reflecting the fact that the two proteins are isoenergetic. A
global analysis of the rate and amplitude data was fitted to
an on-pathway three-state model, however, a detailed de-
termination of all kinetic parameters was limited by the
poorly defined refolding and unfolding kinetics for the UTI
transition arising from the scatter in the data for λ1 (see
Materials and Methods). The crossover in the amplitudes for
A1 and A2 demonstrate the formation of a weakly populated
I-state that we can detect directly as a distinct kinetic phase.

Substitution of Thr with Val at the -B1 position leads to
the statistically preferred type I′ turn (VNGK) (34) which is
reflected in a stabilizing effect of ∼5 kJ mol-1 (33). We
observe the same three kinetic refolding phases for both the
TN and the VN mutant; however, the rate and amplitude
profiles are shifted to higher denaturant concentrations for
VN, enabling us to more readily resolve the populated I-state.
The amplitude of the fastest phase in the refolding data for
VN dominates at low denaturant concentrations, with the
crossover between A1 and A2 now occurring at around ∼2
M GdmCl (compared to ∼0.8 M GdmCl for TN) (Figure 2c
and 2d). The small effect of the turn substitution on the
stability of the I-state results in a more apparent rollover
effect in the denaturant dependence of λ2, reflecting the build-
up in the population of the I-state. Although the refolding
component of λ1 (UfI) is more clearly resolved, enabling
us to determine mUI with greater certainty, we are unable to
resolve any data points for the IfU transition such that
extrapolated kIU and mIU parameters can only be estimated
from the global analysis taking into consideration the
equilibrium m-value for the UfN transition (see Table 1).

Engineered Non-NatiVe Interactions Stabilize the I-State.
The highly co-operative folding that is observed for many
small naturally occurring proteins is likely the result of
selectional pressures that minimize the possibility of hydro-
phobic contacts that could trap the folding polypeptide chain

Table 1: Kinetic Parameters (obtained from the on-pathway global fitting of data collected at 298 K and pH 5.0 in 25 mM acetate buffer) for the
Ubiquitin �-Turn Mutants (all rate constants in s-1 and all m-values in kJ mol-1 M-1)

variant
kUI

(mUI) kIU (mIU)f
kIN

(mI-TS)
kNI

(mN-TS) mkin
d

∆GUI
b

(kJ mol-1)
∆GUN

c

(kJ mol-1) FI
a �TS1

e �I
e �TS2

e

TN 180 ( 28.36
(–4.87 ( 0.27)

9 ( 0.3
(3.07 ( 0.2)

33.5 ( 9.6
(-0.39 ( 0.38)

0.013 ( 0.003
(2.34 ( 0.12)

10.7 ∼-7 ( 2 -26.4 ( 1.7 0.92 0.45 0.74 0.78

VN 1031 ( 108
(–4.70 ( 0.29)

2.0 ( 0.2
(3.12 ( 0.2)

33.3 ( 7.5
(-0.31 ( 0.35)

0.033 ( 0.008
(2.00 ( 0.12)

10.1 -15.5 ( 0.7 -32.6 ( 1.9 0.89 0.46 0.77 0.80

FN 919 ( 51
(–5.05 ( 0.07)

0.06 ( 0.0006
(3.10 ( 0.2)

3.6 ( 0.2
(-0.24 ( 0.08)

0.001 ( 0.0002
(2.67 ( 0.07)

11.1 -23.9 ( 1.1 -44.2 ( 2.8 0.86 0.45 074 0.76

WNAA 259 ( 52
(–5.06 ( 0.44)

0.10 ( 0.03
(3.15 ( 0.2)

4.0 ( 0.6
(-0.29 ( 0.31)

0.00034 ( 0.0001
(3.11 ( 0.12)

11.6 -19.5 ( 0.8 -42.7 ( 2.3 0.88 0.43 0.71 0.73

L8W 110 ( 9
(–6.5 ( 0.15)

0.06 ( 0.02
(3.1 ( 0.2)

2.3 ( 0.3
(+1.7 ( 0.3)

0.0012 ( 0.001
(2.21 ( 0.17)

10.1 -17.7 ( 0.9 -35.4 ( 2.8 0.90 0.64 0.95 0.78

a Relative fluorescence of the intermediate where a value of 1 indicates fluorescence of the intermediate is identical to that of the native state and a
value of 0 indicates similarity to the denatured state. b ∆GUI ) -RT ln(KUI) c ∆GUN) -RT ln(KUI(kIN/kNI)); both ∆GUI and ∆GUN are measured in
kJ/mol-1. d mkin ) mIU - mUI + mNI - mIN. e �-values were calculated as follows: �TS1 ) -mUI/mkin; �I ) (mIU - mUI)/mkin and �TS2 ) (mkin -
mNI)/mkin.

f mIU values in many cases were poorly defined by the data and were constrained by the global fit.
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in non-native energy minima. This has been demonstrated
in a number of de novo protein design studies using
computational approaches or phage display libraries (37).
To examine this hypothesis we have inserted both Phe and
Trp at position X within our XNGK engineered turn
sequence. Although FNGK and WNGK are statistically

uncommon type I′ turn sequences (34), both aromatic
residues enhance protein stability by g10 kJ mol-1 (33). We
examined the origin of this stability enhancement using
NMR. Homonuclear 1H NMR analysis (TOCSY and NOESY
experiments) enabled us to assign a significant proportion
of backbone NH, CRH, and side-chain resonances of residues

FIGURE 1: (A) N-Terminal 17-residue sequence of yeast wild-type ubiquitin involved in �-hairpin formation with a G-bulged type I �-turn
sequence (sequence of the L8W mutant also shown). The native turn sequence was mutated to XNGK (type I′ �-turn) with several substitution
considered at position X (T, V, F, and W), giving the TN, VN, FN, and WN mutants. The introduction of a T12A/T14A double mutation
in the WN sequence is shown as WNAA. (B) Schematic representation of the alignment of the �-hairpin sequence with the C-terminal
�-strand that brings the side chain of residue 7 (X7) into close proximity with Leu69 and Leu71 which are on the same face of the �-sheet.
(C) Ribbon structure of wt-ubiquitin showing residue side chains involved in substitutions or that form side-chain contacts with the native
�-turn (44, 50).

FIGURE 2: Denaturant-dependence of the refolding and unfolding rate constants for the TN turn mutant at 298 K (a), and the corresponding
amplitude variation (b) of the two major refolding phases and unfolding phase. The amplitude of the fastest phase (open circles) shows that
the intermediate is only weakly populated at low denaturant concentrations, resulting in a small rollover in the data for the IfN transition
(black squares) in the chevron plot in part a. The amplitudes of the two phases (b) crossover at <1 M GdmCl as the I-state is further
destabilized at increasing concentrations of denaturant. Analogous data for the VN mutant are shown in parts c and d. The amplitude of the
fastest phase (open circles) shows that the intermediate is now significantly populated at low denaturant concentrations, resulting in a
well-defined rollover in the data for the IfN transition (black squares) in the chevron plot in part c. The amplitude data is dominated by
the initial collapse of UfI, with slow formation of the N-state. The phases crossover at ∼ 2 M GdmCl as the I-state is destabilized. The
lines of best-fit represent the global analysis of all of the data for each mutant using a three-state on-pathway model, with kinetic parameters
presented in Table 1.
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in close contact with the �-turn residues. As evident from
Figure 1c, in the case of the WN mutant, substitution of Trp
at position Thr7 is predicted to introduce non-native aromatic
side-chain contacts with the indole ring, particularly with
Leu69 but also the adjacent Val70 and Leu71 at the end of
the C-terminal �-strand. A clear manifestation of these
interactions was large ring-current-induced chemical shift
perturbations to the CδH3 and CγH resonances of Leu69,
which appear at -0.03 and 0.92 ppm, respectively (∆δ )
0.93 and 0.72 ppm from random coil values). The CδH3

resonances of Leu71 shift by a more modest amount (0.19
and 0.26 ppm). We are readily able to assign a string of
medium/strong NOEs from the 1H resonances of the indole
side chain of Trp7 (H2, H7, and NH) to the perturbed side
chains of Leu69, Val70, and Leu71 (Figure 3). These NOEs
confirm the close contacts between the aromatic �-turn
residue and adjacent residues in the C-terminal �-strand,
providing a rationale for the significant increase in protein
stability associated with these aromatic substitutions. Analo-
gous ring current effects and interactions are also apparent
with the Phe7 side chain of the FN mutants, as previously
described (33).

Kinetic studies of the FN mutant resolve the same three
refolding phases described for the TN and VN mutants.
However, the I-state now appears to be significantly more
stable. The amplitude changes for λ1 and λ2 show that the
fastest kinetic refolding phase for the UfI transition
dominates at low denaturant concentrations with the cross-
over between A1 and A2 occurring at ∼2.5 M GdmCl (Figure
4). The chevron analysis shows that the slope of λ1 for the
initial UfI collapse is well-defined, and the high stability
of the I-state clearly manifested as a pronounced rollover in
the denaturant-dependence of λ2 for the IfN transition. The

variation of λ2 with denaturant concentration (mIN) is
effectively zero at <2 M GdmCl, demonstrating that the
I-state and the rate-limiting transition state are both highly
collapsed and bury comparable amounts of hydrophobic
surface area. We concluded that the rate-limiting step from
IfN is associated largely with a structural rearrangement
in the transition state rather than further surface area burial.
Global analysis enabled us to define mIU on the basis that
the sum of the kinetic m-values equals the equilibrium
m-value. On the basis of the quality of the global fit to an
on-pathway model (see Materials and Methods (39)), and
from systematic variation of the fitting parameters to assess
effects on errors, we determined a full parameter set from
which we were able to estimate mUI, mIU, mIN, and mNI and
the corresponding �-values, �I ∼ 0.74 and �TS ∼ 0.76. To
complete the analysis we repeated the global fitting of the
rate and amplitude data for TN and VN using initial estimates
for mIU and mUI derived from the FNGK data. We were able
to produce satisfactory fits and global mUN values that were
consistent within the family of mutants (see Table 1).

The formation and decay of the populated I-state of the
FN mutant was further characterized using sequential mixing
stopped-flow experiments to first refold the protein and then
rapidly jump to unfolding conditions (40-42). The Trp45
probe undergoes changes in fluorescence intensity corre-
sponding to both the UTI and ITN transitions (folding or
unfolding) that allow the formation and decay of the I-state
to be observed directly. The sequential mixing experiment
enabled us to initially refold the FN mutant by dilution of
protein in 7 M GdmCl (25 mM acetate buffer at pH 5.0,
298 K) into the same buffer, giving a final denaturant
concentration of 1 M GdmCl. A subsequent unfolding step
was initiated by rapidly jumping the protein back into
unfolding buffer (6.1 M GdmCl). The aging time (τ) between
the two mixing steps was varied between 41 ms and 10 s
and the unfolding kinetics measured along with the build-
up in the amplitudes of these various phases as a function
of the aging time. When short aging times were used (τ <
200 ms), we were able to resolve both a fast and a slow
unfolding phase with rate constants of 33 ( 3 s-1 and 0.5 (
0.04 s-1. The rate constant for the major slow unfolding
phase is completely consistent with that for the NfI
transition observed in single-jump experiments (0.9 ( 0.3
s-1) under similar unfolding conditions. However, the faster
minor phase, which we attribute to the IfU transition, is
not observed during single-jump unfolding.

As the aging time in the sequential mixing experiment
increases (τ > 200 ms), the amplitude of the faster phase
decreases considerably; however, the slow major phase is
unaffected (Figure 4c). Time-dependent changes in the
amplitudes of these phases reflect rates of formation of
native-like molecules in the first refolding part of the
sequential mixing experiment before they are induced to
unfold in the final denaturation step. The amplitudes of the
two unfolding kinetic phases were plotted versus aging time
to show that the fastest phase, representing formation of the
I-state, rapidly increases and then decays as I converts to N.
The decay rate (kIN ) 3.9 ( 0.3 s-1) is in good agreement
with the value (3.3 ( 0.4 s-1) derived directly from the
single-jump experiment. Although the build-up rate is poorly
defined because of the long dead-time of the experiment
(∼40 ms) and could not be measured directly, we were

FIGURE 3: NMR analysis of side-chain contacts of Trp7 in the WN
�-turn mutant. A portion of the 600 MHz 2D NOESY spectrum is
shown at 298 K and pH 5.0, highlighting NOEs involving the
aromatic side chain of Trp7 and methyl resonances of residues on
the C-terminal �-strand. The large ring current perturbation to the
CδH3 of Leu69 (∆δ ) 0.9 ppm) is consistent with close side-chain
contacts with the indole ring. The 1H resonances of the indole ring
protons of Trp7 (H2, H7, and NH, at 7.18, 7.42, and 9.87 ppm,
respectively) are identified by vertical dashed lines and the relevant
NOE crosspeaks highlighted in boxes are for Leu69 CδH3 (-0.03
ppm), Leu71 CδH3 (0.68 and 0.75 ppm), and Val70 CγH3 (1.01
ppm).
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readily able to fit this data with the same rate constant (kUI

∼ 130 s-1) measured directly for the UfI conversion in
single-jump experiments (Figure 4a). The behavior of the
amplitude of the slower major phase in the sequential mixing
experiment should also reflect the same rate constants (kUI

and kIN) for formation of the native state along the pathway
U to I to N. The initial rapid U to I conversion, and
subsequent population of the I-state, was expected to result
in a lag in the increase in amplitude for the formation of the
N-state that reflects the UfI transition (kUI). Again, the long
dead-time of the experiment and scatter in the amplitude data
at short aging times precluded direct measurement of the
kinetics of the lag phase; however, we were readily able to
model the build-up in amplitude in terms of the population
and decay of the I-state in a three-state on-pathway mech-
anism (as shown in Figure 4c).

Sequential mixing experiments were subsequently repeated
by interchanging the two steps by first performing an
unfolding reaction by dilution into 6.67 M GdmCl, followed
by a rapid final refolding step in 1.4 M GdmCl after a
variable aging time (40-42). Consistent with the above
model, in the final refolding step we initially observe two
refolding phases (UfI and IfN transitions), followed by a
third minor phase which appears at longer aging times and
is consistent with a slow isomerization process which is
allowed to take place in the unfolded state. At the shortest
aging time (41 ms), the two major refolding phases are

described by rate constants of 74 ( 7 s-1 and 7 ( 4 s-1

which are (within the errors of the measurements) consistent
with values for kUI and kIN measured in single-jump experi-
ments (65 ( 4 and 4 ( 2 s-1, respectively). The time-
dependent increase in amplitude of these two phases should
correlate with the rates of formation of the unfolded state
(kNI and kIU) in the first step of the experiment, before being
induced to refold in the final dilution step (Figure 4d). The
amplitudes of the two phases fit well to a double exponential
where kNI is well-defined in both cases (3.9 ( 0.2 and 3.2 (
0.2 s-1, respectively), in good agreement with kNI ) 3 (
0.3 s-1 derived from single jump-experiments. However, kIU

is expected to contribute as a fast lag phase which under the
conditions of the first unfolding step of this sequential mixing
experiment we estimate to be kIU > 100 s-1 (see Figure 4a).
Again, the fast lag phase is poorly defined as a consequence
of the long dead-time in the second step of the double-jump;
however, we were able to model the data with a lag phase
kIU > 100 s-1 (Figure 4d). In conclusion, sequential mixing
experiments that interrupt both the unfolding and refolding
of the FN mutant under different conditions appear to fully
account for the different populations of the N-state, I-state,
and U-state within the context of a three-state folding
mechanism with an on-pathway intermediate.

Complex Multiphase Kinetics in the Folding of the WN
Mutant. We extended the study to consider the �-turn
substitution with X ) Trp (WNGK type I′ turn). The

FIGURE 4: Denaturant-dependence of the refolding and unfolding rate constants for the FN turn mutant at 298 K (a), and the corresponding
amplitude variation of the two major refolding phases and unfolding phase (b). The amplitude of the fastest phase (open circles) shows that
the intermediate is highly populated at low denaturant concentrations, resulting in an initially flat rate profile for the IfN transition (mIN
∼ 0; black squares) in the chevron plot in part a, indicating that the I-state is highly compact. Interrupted refolding data is shown in part
c using the sequential mixing approach in which the protein is initially refolding in 1 M GdmCl at 298 K followed by a jump back to
unfolding buffer (6.1 M GdmCl) after a variable aging time of between 41 ms and 10 s. The time-dependent variation in the amplitude of
the two unfolding phases provides a measure of the rate of formation of the native state in the first refolding step. The observation of a fast
phase whose amplitude first increases rapidly and decays is clear evidence for the population of an intermediate state with rate constants
consistent with those derived directly from single-jump stopped-flow experiments. In part d, sequential mixing experiments were performed
that allowed an initial unfolding step followed by a second refolding step with the time-dependence of the amplitude of the two refolding
phases illustrated. The rates fit well with a double exponential reflecting the formation of the unfolded state with kIU contributing as a
lag-phase to the build up curves (d). The long deadtime of the sequential mixing experiment and the scatter in the data prevented the lag
phase from being determined directly with any accuracy; however, we were readily able to model the data with an estimated kIU > 100 s-1

(see inset).
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introduction of the bulky indole ring resulted in kinetics with
additional refolding and unfolding phases that were not
apparent in any of the other mutants so far described. The
refolding data are consistent with four kinetic phases, the
slowest of which is assigned to an isomerization-limited
process. Two of the three remaining phases are quite similar
to the data for the FN mutant. The observation of three
kinetic phases (excluding the very slowest isomerization
phase) is consistent with the population of at least four
species. However, in contrast to FN, we now also observe
two well-resolved unfolding phases in the data for WN. The
kinetic data and the associated amplitude changes for each
phase as a function of denaturant concentration resulted in
the construction of the chevron plots shown in Figure 5.

We also considered the possibility that the introduction
of a large hydrophobic residue could lead to complexities
in the folding kinetics as a consequence of transient ag-
gregation effects in the unfolded and partially folded states
(35). We carried out parallel refolding studies at a 10-fold
lower protein concentration (0.1 µM), representing the limit
of fluorescence sensitivity. Although we could not resolve
the slowest low-amplitude isomerization phase, all three
faster phases could be identified, albeit with slightly larger
scatter in the data (Figure 5c). We concluded that the three

refolding phases are not dependent on protein aggregation
phenomena.

An overlay of the WN data with the FN chevrons reveals
some similarities between the two data sets (Figure 6). For
clarity, the slow isomerization phase which shows little
variation with denaturant concentration has been omitted.
The fastest phase, identified as the UfI transition in the FN
data has very similar rate constants and m-value in the WN
data set, consistent with a similar rapid initial collapse to a
compact intermediate. The slower of the two parallel
chevrons is also characteristic of the IfN transition in the
FN data set with a pronounced rollover effect at low
denaturant concentration (<2 M GdmCl). Thus we appear
to observe UfI and IfN transitions that are common to
both proteins. In addition, the WN data reveal a second faster
chevron which also demonstrates pronounced rollover effects,
although there is some merging of data points with those
for the UfI transition at around 2 M GdmCl (see Figure
5a). An initial analysis in which the chevron plots were fitted
independently indicated that the sum of the m-values over
all three kinetic profiles is significantly higher than described
for the VN and FN mutants. This would appear to preclude
a simple sequential four-state folding model (Scheme 1a),
but suggest one involving either parallel folding routes to

FIGURE 5: Chevron plots constructed from the refolding and unfolding rate profiles for WN at 298 K showing the resolution of three kinetic
phases (a), two of which form chevrons with curvature in the refolding data. The fourth slow phase, which is of low amplitude and shows
little variation with denaturant concentration, is assigned to an isomerization process and has been excluded from the plot for clarity. The
amplitude changes for the three phases, together with that for the major unfolding phase, are represented in part b. Curves plotted through
the data are to guide the eye only. The amplitude changes are consistent with the formation and decay of a number of significantly populated
species. (c) Dependence of the three major refolding phases of WN on protein concentration over a 10-fold range (1.0 and 0.1 µM).
Refolding data at denaturant concentrations below 2 M GdmCl were collected. The data points corresponding to open circles, crossed
squares, and black squares correspond exactly with the data shown in part a at 1.0 µM protein concentration. The corresponding data at the
lower protein concentration are represented by crosses, open squares and open triangles, respectively. Although the signal-to-noise ratio for
the data collected at the lowest protein concentration was low, the same refolding phases and rate constants could be measured, indicating
no obvious dependence of rates on possible aggregation phenomena. (d) Interrupted-refolding data for WN showing the variation in amplitude
of the two unfolding phases that reflect the rate of formation of the native state in the initial refolding step of the sequential mixing
experiment. The amplitude of the faster phase shows rapid formation (>45 s-1) and decay (∼3.5 s-1) of an intermediate state (black
squares), with the rates in reasonable agreement with the single-jump data corresponding to kUI ∼ 50 s-1 and kIN ∼3.3 s-1 (slower of the
two chevrons) under similar experimental conditions. The second unfolding phase, which is both slower and higher in amplitude (open
circles), fits to a double exponential consisting of a rapid initial increase in amplitude during the dead-time of the experiment and a second
slower phase (rate constants of ∼30 s-1 and 2.8 s-1, respectively) that indicate that molecules reach the N-state via two routes with different
rates. These rates are consistent with those observed for the two parallel chevrons in the single-jump experiments (Figure 4a).
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the native state or the population of species caught in an
off-pathway kinetic traps (Scheme 1b-d). The initially weak
denaturant dependence of these two chevrons indicates that
they both involve collapsed states with subsequent transitions
not involving significant changes in surface area.

We also overlaid the kinetic data for WN with those for
VN and observed some similarities. The fastest phase for
the initial UfI collapse again concurs with that of the two
aromatic mutants; however, the main IfN chevron for VN
is much more similar to the faster of the two chevrons of
WN (Figure 6b). Thus, the chevrons constructed from the
kinetic data for WN appear to be reasonably well represented
by a sum of the data sets for the VN and FN mutants,
representing the possibility of two parallel folding pathways
with distinct intermediates and different rates of production
of the native state, reflecting different barrier heights
influenced by non-native interactions requiring different

degrees of error-repair in the transition state. The intermediate
formed on the folding pathway of VN converts to the native
state more rapidly (IfN) but also unfolds more rapidly
(NfI) than is the case for the FN mutant, indicating that
the higher rating limiting barrier for folding and unfolding
of the aromatic mutant correlates with the requirement for
the destabilization of non-native contacts in the transition
state.

We investigated the parallel pathway model in more detail
using interrupted refolding sequential mixing experiments.
Parallel pathways should result in molecules reaching the
N-state with very different rates. The unfolded WN mutant
in 6.5 M GdmCl was first refolded into 1.5 M GdmCl and
then a second unfolding event induced by jumping into 6.1
M GdmCl after a variable aging time (between 40 ms and
5 s). The final unfolding kinetics revealed two unfolding
phases with rate constants of 31.5 ( 13.5 s-1 and 0.42 (
0.01 s-1 and amplitudes of 15% and 85%, respectively, of
the total fluorescence change. The former is less well defined
on account of the lower amplitude of the signal and shows
further variation with the aging time of the sequential mixing
experiment. The build-up in the amplitudes of these unfolding
phases provides a measure of the rate at which molecules
are reaching the native state in the first refolding step prior
to being unfolded. Thus, a plot of the variation in amplitude
with aging time reveals a build-up and decay of the signal
associated with the faster of the two phases, which is
characteristic of the rapid population of one or more I-states
with a slower conversion to the N-state, as clearly observed
for the FN mutant in Figure 4c. The increase in the amplitude
of the slower, more highly populated phase is initially very
rapid with many molecules reaching the native state es-
sentially within the dead-time of the experiment (∼40 ms).
We were unable to fit the data to a single exponential process
but to a double exponential with two rate constants differing
by 1 order of magnitude. The faster process is not well
defined due to the long dead-time, but we estimate ∼30 s-1;
however, the slower process has a rate constant of 2.8 s-1.
Thus, molecules appear to be reaching the native state via
two processes. The corresponding refolding rate constants
measured in single-jump experiments under the initial
refolding conditions of the sequential mixing experiment (1.5
M GdmCl) suggest rates of interconversion for IfN for these
parallel processes of 22 s-1 and 3.1 s-1. Thus, the double
exponential growth in the amplitude of the faster unfolding
phase in the interrupted refolding experiment appears to be
consistent with molecules reaching the native state via two
parallel routes via distinct intermediate states I1 and I2

(Scheme 1b).
It would seem to be a plausible assumption that all of our

mutants fold along a pathway which is predetermined by
the foldon structure of ubiquitin (43). In the case of WN,
the chances of a misfolding error that blocks productive
folding are compounded by the introduction of the large
hydrophobic indole side chain. These error repair-type
mechanisms have recently been reported to successfully
describe the complex folding kinetics of lysozyme (see
Scheme 1c and 1d). The high-pH folding of lysozyme,
originally described by Beri and Kiefhaber (42), shows four
kinetic species which are fitted to a ‘diamond’ model
(Scheme 1b) involving multiple independent parallel routes
to the native state, including direct conversion of U to N

FIGURE 6: Overlay of the data points for WN taken from Figure 4a
with the three-state chevron plots for FN (a) and VN (b) shown as
gray lines. The fastest phase for WN (open squares) corresponds
closely with the UfI chevrons for both FN and VN [upper
V-shaped chevron in parts a and b, although there is overlap of
data points with the faster of the two chevrons], suggesting a
common initial UfI collapse among the family of mutants. The
two curved chevrons seen in the WN data (black squares and
crossed squares) suggest two parallel folding pathways and are well
described by a combination of the IfN chevrons observed in the
FN (a) and VN (b) data. In the two plots, the assignment of some
data points to the fast phase (open squares) has been changed to
emphasize the correlation with the overlaid chevron for the UfI
transitions for FN (a) and VN (b).

Scheme 1
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(not shown). The alternative predetermined pathway model
with optional errors is suggested by Krishna and Englander
(43) to fit equally well and with fewer kinetic parameters
(Scheme 1c and 1d). In Scheme 1d, an on-pathway inter-
mediate (I) generates the two different error-dependent off-
pathway kinetic traps I1 and I2. The interconversion between
I1 and I2 results in I not being significantly populated,
resulting in four kinetic species whose fractional populations
increase and/or decay with folding time. At present, our
analysis appears to rule out the sequential four-state model
(Scheme 1a), with some evidence to support the possibility
of parallel pathways to the native state (Scheme 1b).
However, we cannot exclude the possibility of error-
dependent off-pathway traps analogous to those described
by Krishna and Englander (43) (Scheme 1c and 1d). The
most attractive model for the folding heterogeneity of WN
builds upon a hybrid version of the three-state model
described and characterized in detail for the VN and FN
mutants where all use the same folding nucleation site
encoded within the initial UfI transition (43) but populate
intermediates of different stability with different numbers
of non-native contacts and transition state barriers that reflect
repair of these errors.

Point Mutations to Probe the Folding Complexity. The
complex folding kinetics and the stability of populated
intermediates were further examined by making a number
of additional destabilizing substitutions. We probed whether
the complex folding kinetics for the WN mutant could be
simplified as a result of the destabilization of the N-terminal
�-hairpin. We introduced the double mutation T12A/T14A
on the solvent exposed �-strand (Figure 1c). In the X-ray

structure of ubiquitin (44), the side chains of T12 and T14
form contacts with residues (F4 and K6) in the complemen-
tary antiparallel �-strand of the N-terminal hairpin (Figure
1c). These substitutions resulted in an overall reduction in
protein stability of ∼5 kJ mol-1 and a simplification of the
folding kinetics of the WN mutant such that we were no
longer able to resolve two unfolding phases (Figure 7). The
variation in amplitude of the two major refolding phases were
more consistent with the kinetic data for the FN mutant and
fit globally to a three-state on-pathway folding model with
similar properties of the I-state to FN (see Table 1). Thus,
destabilizing the �-hairpin template of the WN mutant
appears to favor the slower folding of the two parallel
pathways.

In agreement with our structural model, a significant
loss of stability is associated with the L69A substitution
in wt-Ub, VN, and particularly in FN and WN. Earlier
refolding studies with wt-Ub using a two-state approxima-
tion reported a φ-value <0.2 for the L69A substitution
(30), indicating that the interactions with the C-terminal
�-strand of the native �-turn sequence are consolidated
late in the folding process and are not significantly
structured in the transition state. In the case of VN, we
see the same three-state folding kinetics for the L69A
mutant as described in Figure 2 but a reduction in
refolding rates (UfI and IfN) and acceleration of the
unfolding rate (NfI), which suggest that all of the folding
barriers are partially perturbed, with estimated φ-values
in all cases <0.5 (Figure 8a). The initial collapse from
UfI and conversion of IfN are decelerated, indicating
that long-range contacts with the C-terminal �-strand are

FIGURE 7: Denaturant-dependence of the refolding and unfolding rate constants at 298 K for the WN turn mutant with the T12A/T14A
double substitution (WNAA) within the N-terminal �-hairpin sequence (a), and the corresponding amplitude variation of the two major
refolding phases and unfolding phase (b). The amplitude of the fastest phase (open circles) shows that the intermediate is highly populated
at low denaturant concentrations resulting in an initially flat rate profile for the IfN transition (black squares) in the chevron plot in (a),
indicating that the I-state is highly compact. The additional unfolding phase observed for WN (see Figure 4a) is no longer visible. The data
fit well to a three-state on-pathway model (see data in Table 1). Global analysis of the rate and amplitude data is shown by the lines of best
fit in parts a and b. The plots in parts c and d illustrate similar data for the L8W mutant (as also described in ref 30). The initial positive
slope for the IfN transition at low denaturant concentrations (black squares) shows that the I-state must partially unfold (mIN < 0) to reach
the transition state indicating a highly compact misfolded state stabilized by non-native interactions. The global fitting of the rate and
amplitude data (as shown in parts c and d) is consistent with this model.
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destabilized, suggesting that global collapse of the polypep-
tide chain drives the initial barrier crossing event and
formation of the I-state. Since we are considering a side-
chain truncation, the assumption is that the mutation
destabilizes intermediates and transition states relative to
the unfolded state through loss of a subset of the native
interactions evident in the fully folded state. This would
be expected to decelerate the UfI and IfN transitions
as native contacts are lost. This appears to be the case
with the kinetic data for the L69A-VN mutant.

In contrast, the L69A substitution within FN appears
to make the kinetics more complex. We observe significant
changes in the rates for the folding transitions but now
also resolve two unfolding phases both of which are
significantly faster than that of FN (Figure 8b). The effect
of the L69A substitution on the rate of initial collapse
parallels that observed for VN, suggesting that the UfI
transition is driven by the same global collapse and burial
of hydrophobic side chains and is decelerated by removal
of some specific native contacts. In contrast, the initial
IfN transition at low denaturant concentrations is ac-
celerated by the L69A substitution in FN, suggesting that
L69A destabilizes non-native interactions in the transition
state that would otherwise increase the size of the rate-
limiting barrier. The kinetic differences appear to correlate
with the ValfPhe substitution within the �-turn. The
emergence of two parallel unfolding routes suggests that
the partial loss of non-native interactions opens up the

possibility of folding through two structurally different
intermediates represented by the scenarios described above
for VN and FN. Thus, the L69A mutation appears to
destabilize the slower of the two possible folding pathways
such that a detectable number of molecules now follow
the alternative faster route that is not evident for FN but
is visible for WN. Given the complexities of the data,
only broad conclusions may be drawn that point to non-
native aromatic interactions playing an important role in
stabilizing different intermediates and in resolving parallel
pathways or trapped intermediates.

We also considered whether the complex kinetics
observed for the WN mutant could be reproduced in the
wt-Ub sequence within the context of the native G-bulged
type I turn by introducing the L8W mutation in to wt-Ub
(TLTGKfTWTGK) (28). This resulted in a highly
fluorescent protein that similarly underwent a large change
in fluorescence intensity upon folding. We observed single
exponential unfolding kinetics for L8W and double
exponential refolding kinetics which we were readily able
to fit to a three-state model with a highly populated on-
pathway I-state of comparable stability to that observed
for the FN and WN mutants. We also observed a
pronounced rollover in the refolding data for the IfN
transition which has an initially positive slope for mIN in
contrast to the denaturant-independent initial rate profile
for kIN observed for FN and WN (mIN e 0) (Figure 7b).
This suggested that the intermediate was required to
partially unfold to reach the rate-limiting transition state,
consistentwithahighlycompactandmisfoldedspecies(27,28).
We do not, however, observe the additional refolding and
unfolding phases for L8W that are indicative of the more
complex kinetics identified for WN. However, the intro-
duction of a bulky hydrophobic aromatic residue within
the �-turn irrespective of the turn sequence has the same
impact in stabilizing a highly collapsed intermediate on
the folding pathway.

EVolutionary Pressures on Amino Sequences of Small
Proteins. We examined the frequency of occurrence of
aromatic residues in small proteins to provide some
insights into the evolutionary pressures at the primary
sequence level that facilitate a smooth folding landscape
that is not beset by aggregation-prone partially folded
structures that may be the consequence of formation of
stable non-native contacts during folding. We examined
the frequency of occurrence of aromatic residues as a
function of protein sequence length for a high resolution
set of 650 nonhomologous structures ranging from 33 to
3200 residues (Figure 9). We analyzed the data in groups,
representing structures of up to 60 residues, all structures
up to 99 residues, sequences of between 100-199,
200-300, 300-500, and 500-3200 residues. The shortest
sequences (<100 residues) are most likely to have the
smoothest folding energy landscape and indeed appear to
have the lowest mean percentage of Phe and Trp residues.
While the trend is interesting, the standard deviation from
the mean is large in all cases.

DISCUSSION

EVolutionary Pressures on AVoiding Non-NatiVe Interac-
tions in Proteins. An interesting property of small single
domain proteins is their general ability to fold rapidly on a

FIGURE 8: Kinetic data for the L69A mutants of VN (a) and FN
(b). The rate data are overlaid with the chevron plots for FN and
VN shown as gray lines. The truncation of the hydrophobic side
chain enhances the rate of unfolding of VN but slows both the
UfI and IfN transitions, suggesting contributions of L69 to the
global collapse of the polypeptide chain. In the case of L69A-FN,
the initial fast UfI phase (open circles) shows the same decelera-
tion; however, the IfN transition appears to have been accelerated
by the L69A substitution, indicative that some non-native interac-
tions in the I-state involving the Phe substitution are destabilized
by the L69A mutation. A second low amplitude unfolding phase
for L69A-FN is also evident.
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smooth energy landscape that largely avoids stable compact
or misfolded non-native states (13-17, 35). It has been
suggested that this is the consequence of evolutionary
pressures at the level of the primary sequence to minimize
the necessity for proofreading and correction mechanisms
that are more common in protecting larger multidomain
proteins from misfolding and aggregation (13, 35). The
evolutionary disadvantage for proteins that form stable long-
lived non-native structures, or have regions of the sequence
with high intrinsic secondary structure propensities, is their
tendency to nucleate amyloid formation through the ag-
gregation of exposed hydrophobic surface area (18-21).
Intriguingly, molecular chaperones appear to have evolved
to suppress the accumulation of misfolded states for larger
slow-folding multidomain structures, whereas small single
domain proteins appear to have achieved smooth co-operative
folding landscapes through evolutionary pressure at the level
of the amino acid sequence (13, 35). The latter has proved
difficult to reproduce in completely non-natural designed
proteins. This scenario also argues for the gate-keeping role
of some residues that define the specificity of the native state
but which may contribute thermodynamic instability to the
folded structure through the burial of specific polar side-
chain interactions in the hydrophobic core (35, 45).

Solvent-exposed protein �-strands provide an excellent
template for promoting intermolecular aggregation effects
that plagued early studies of model peptide systems designed
to form autonomously stable �-sheets (antiparallel hairpins).
Charge-rich sequences partially alleviated aggregation phe-
nomena in simple systems (46), while negative design
features have been identified that inhibit nonspecific ag-
gregation between native proteins across �-sheet interfaces
(47). Eliminating non-native �-strand interactions through
intramolecular association is more problematic because any
pair of aligned strands are typically stabilized by the same
sort of interactions whether the pairing is native or non-
native. In the current context, we have demonstrated that
aromatic side chains engineered into the N-terminal �-strand
of ubiquitin form stabilizing non-native contacts with the
C-terminal strand. These interactions occur between side
chains as far apart in the ubiquitin sequence as it is possible

to engineer (Phe7/Trp7 T Leu69/Leu71; see Figure 1b).
Estimates of contact orders in proteins predict that those that
fold fastest have a higher proportion of native contacts
between residues that are close together in the primary amino
acid sequence (11, 12, 35). However, the opposite structural
topology appears most likely to lead to a smooth folding
landscape that is not beset by formation of partially folded
structures stabilized by native-like contacts between residues
close together in sequence. In small proteins, the N- and
C-terminal parts of the structure are more commonly found
in contact than would be expected (48), arguing for evolu-
tionary pressures on small protein structures (including wt-
Ub) to optimize the folding landscape for a co-operative
folding process that avoids populated partially folded states
that arise from too many local interactions. This may also
argue for minimizing the number of aromatic side chains in
small proteins to reduce the possibilities of forming these
stable non-native contacts. We examined the frequency of
occurrence of aromatic residues as a function of protein
sequence length for a high resolution set of nonhomologous
structures (Figure 9). The data showed this general trend,
although the statistical variations were large.

In studies of the unfolded state of lysozyme, extensive
clusters of hydrophobic residues appear to persist even under
strongly denaturing conditions (13). Although the clusters
are widely dispersed and use distinctly different parts of the
sequence, a single TrpfGly mutation was shown to simul-
taneously disrupt all of these clusters, indicating that they
are intimately linked and involve extensive long-range
interactions. The conclusions suggest that in larger proteins
with multiple domains, non-native interactions may be an
important determinant of the folding process by burying from
solvent, at an early stage, residues that will have a tendency
to lead to protein aggregation and the development of
amyloid structures. Thus, although the folding of small
proteins on a smooth energy landscape may be dominated
by the search for native-like contacts and have evolved to
avoid the bottle-necks inherent in forming stable non-native
interactions, the opposite is suggested to be the case for large
slow-folding multidomain proteins to ensure that they reach
a functional folded state.

In the current context, engineering aromatic substitutions
either within a native �-turn sequence of wt-Ub, or an
engineered variant with a type I′ �-turn, enhances protein
stability through non-native contacts which we were able
to identify in the native state by NMR. However, the
consequence of these mutations for promoting local non-
native interactions as the polypeptide chain folds are less
readily identified structurally but are manifested in the
kinetic barriers and folding pathways. The effects on
stability affect the population of kinetically distinct stable
intermediate states that we are able to characterize. We
have focused our studies on one small element of structure,
namely the �-turn sequence of a key �-hairpin folding
nucleation site, and show that the folding landscape of a
small protein such as ubiquitin becomes significantly more
rugged and complex as non-native interactions are intro-
duced that lead to populated intermediates that frustrate
folding (14, 37, 43, 49). Destabilizing mutations partially
simplify the folding mechanism in some cases but further
complicate it in others by favoring one or other putative
parallel folding pathways. The initial collapse of the

FIGURE 9: Statistical analysis of the occurrence of aromatic residues
in proteins of different sequence length (0-60 residues, 0-99,
100-199, 200-300, 300-500, and 500-3200). The percentage
of the sequence corresponding to Trp, Phe, and Tyr versus sequence
length is shown as a histogram. The variation versus sequence
length demonstrates that Phe is disfavored in small proteins with a
small hydrophobic core, but is more abundant than Tyr in much
larger globular protein structures. Although a general trend is
apparent, there are large standard deviations from the mean,
represented by the error bars. Data were derived from 650 high-
resolution nonhomologous structures. The total number of data
points within each group of sequences was in all cases >50.
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polypeptide chain (UfI), which is evident in all of the
data examined, appears to be an intrinsic property of the
sequence rather than specifically linked to the stability of
the native state. Evolutionary pressures to avoid stable
non-native states in the fast and efficient folding of small
single domain proteins suggests that the observed inter-
mediates in our engineered mutants, which are structurally
highly compact, are kinetic artifacts of re-engineering the
sequence.
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