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ABSTRACT: We have investigated the relative placement of rate-limiting energy barriers and the role of
productive or obstructive intermediates on the folding pathway of yeast wild-type ubiquitin (wt-Ub)
containing the F45W mutation. To manipulate the folding barriers, we have designed a family of mutants
in which stabilizing substitutions have been introduced incrementally on the solvent-exposed surface of
the main o-helix (residues 23—34), which has a low intrinsic helical propensity in the native sequence.
Although the U — I and I — N transitions are not clearly delineated in the kinetics of wt-Ub, we show
that an intermediate becomes highly populated and more clearly resolved as the predicted stability of the
helix increases. The observed acceleration in the rate of folding correlates with helix stability and is
consistent with the I-state representing a productive rather than misfolded state. A Leffler analysis of the
effects on kinetics of changes in stability within the family of helix mutants results in a biphasic correlation
in both the refolding and unfolding rates that suggest a shift from a nucleation—condensation mechanism
(weakly stabilized helix) toward a diffusion—collision model (highly stabilized helix). Through the
introduction of helix-stabilizing mutations, we are able to engineer a well-resolved I-state on the folding
pathway of ubiquitin which is likely to be structurally distinct from that which is only weakly populated
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Helix Mutations Stabilize a Late Productive Intermediate on the Folding Pathway of

on the folding pathway of wild-type ubiquitin.

An early observation in the field of protein folding was
the notion that small proteins fold via two-state kinetics (/).
Increasingly high resolution analyses have identified non-
linear rate profiles in both refolding and unfolding data which
suggest deviations from this simple model that point to
transiently populated intermediates or high-energy states
indicative of much more rugged energy landscapes (2—4).
Perturbation to kinetic barriers between species through
alteration of refolding and unfolding conditions and through
the introduction of point mutations, coupled with the
development of instrumentation with faster time resolution,
has shown that these species can be detected experimen-
tally (5-9). However, it remains the case that 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 interactions without
significant population of an intermediate (/). This rate-
limiting large-scale change in the topology of the polypeptide
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chain would appear to account for significant fractional
changes in surface burial observed for many small proteins
and the correlation between folding rate and various measures
of folding topology (contact order) (/0). Underpinning the
apparent continuum of folding mechanisms is the relative
placement of rate-limiting barriers along the various folding
pathways, the relative energies of these barriers, and the
stabilities of productive or obstructive intermediate states
which determine whether such states become significantly
populated.

Ubiquitin is a paradigm for folding studies (//-16),
although attempts to unambiguously assign its folding
pathway to either an apparent two-state model or a more
complex multistate process have been complicated by the
fact that the kinetics and mechanism of folding depend on
the protein construct under investigation and the experimental
conditions employed (/2). The most recent studies (/7, 18)
have presented evidence of multiple refolding phases that
are not eliminated in a proline-free mutant. We reported
inconsistencies between equilibrium and kinetic stabilities
and m values in studies of yeast ubiquitin, with further
evidence from sequential mixing experiments suggesting both
the population of an intermediate state and the possibility
of kinetic partitioning which allows molecules to reach the
native state along parallel (major and minor) folding
pathways (/7).

Vallée-Bélisle and Michnick (/8) have described refolding
studies using five different Trp probes positioned across the
surface of ubiquitin to enhance the visibility of different
folding transitions and probe both local and global changes
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FIGURE 1: Ribbon structure of yeast ubiquitin showing the orienta-
tion of the main a-helix with the position of key residues illustrated.
L8, D24, N25, S28, Q31, and D32 are largely solvent exposed;
however, the side chain of V26 is buried in the hydrophobic core
against the concave face of the [(-sheet. The position of S19
(mutated to P in human ubiquitin) is shown in the loop connecting
the second f3-strand of the hairpin to the helix.

in the conformation of the polypeptide chain during folding.
A number of these fluorescent reporters detected a significant
population of an intermediate with the appearance of a
pronounced rollover in the chevron plot. In other cases, there
is also evidence for a burst phase in the fluorescence intensity
at low concentrations of denaturant consistent with the
accumulation of an early folded state within the dead time
of the stopped-flow experiment. In the case of the widely
used Trp45 fluorescent probe, the U — I and I — N
transitions appear to be so poorly resolved that they merge
to give an apparent U — N transition and a V-shaped chevron
characteristic of a two-state mechanism (/1, 12, 17). In
contrast, Trp probes in other locations with different struc-
tural sensitivities are able to distinguish between the U — 1
and I — N transitions. A double mutant (UbF4W-T66W)
displays fluorescence changes of opposite sign which are
successful in resolving the two transitions within a single
mutant (/8). Ubiquitin mutants with enhanced fluorescence
of the I-state were concluded to demonstrate that in these
cases an intermediate is formed which is stable, compact,
misfolded, and on the folding pathway.

We have investigated the nature of the folding intermediate
of yeast wr-Ub in an alternative approach by incrementally
stabilizing the protein by introducing substitutions into the
main a-helix (Figure 1). In contrast to introducing large
hydrophobic Trp residues into the structure, which have the
potential for perturbing the folding dynamics of the native
polypeptide chain by promoting hydrophobic collapse (/9),
we have introduced a number of mainly Ala mutations on
the solvent-exposed surface of the helix. In this context,
Trp45 proves to be a highly sensitive fluorescent probe for
detecting the formation of multiple kinetic phases, consistent
with an on-pathway intermediate state that becomes increas-
ingly highly populated as the intrinsic stability of the helix
increases. Moreover, the accelerated conversion of the I-state
to the N-state in the mutants with the highest predicted helical
propensity, coupled with estimates of the change in hydro-
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phobic surface burial for each of the transitions, suggests
that the I-state is compact and productive with regard to
folding, rather than representing a misfolded state. We have
analyzed the folding mechanism using a Leffler analysis of
the family of helix mutants (20), which suggests a shift from
a nucleation—condensation mechanism for wt-Ub, in which
the native helix is weakly stabilized, toward a diffusion—
collision model for the helix-stabilized mutants with a
populated I-state. These mechanisms appear to represent
different manifestations of the same unifying folding land-
scape of wt-Ub.

MATERIALS AND METHODS

Mutagenesis and Protein Expression. A pKK223-3 plas-
mid construct containing the F45W yeast ubiquitin gene was
used as a template for mutagenesis reactions. Mutations were
carried out using the QuikChange site-directed mutagenesis
kit and confirmed by DNA sequencing. Proteins were
expressed in Escherichia coli strain BL21(DE3) under the
control of the IPTG-inducible tac promoter and purified as
previously described (27, 22). Helical mutants were con-
structed, as illustrated in Figure 2.

NMR Analysis of the Helix Mutants. We analyzed a
number of the helical mutants (wt-Ub, EAs;L, EA4L, EA,L-
A28G, and EA4L-A32G) in detail by NMR at 600 MHz on
a Bruker Avance600 spectrometer equipped with a triple-
resonance probe to verify that the sequence changes had not
produced structural perturbations outside of the helical
segment. Comparisons of Ha chemical shift deviations from
random coil values (AOHo) show considerable similarities
for each of the mutants both within the helical region and
for flanking residues. The residues immediately N- and
C-terminal to the helix, namely, T22, G35, and 136, suggest
little structural perturbation. The significant differences
between wr-Ub and the various mutants largely reflect the
local effects of specific residue substitutions. The extent of
helix formation is also defined well by patterns of NOEs at
the N- and C-termini of the helix. Detailed comparison of
the NOE data for w#-Ub and the mutants showed that these
matched closely, suggesting that the increased helical stability
has not distorted the helical boundaries.

Kinetic Experiments. Kinetic unfolding and refolding
measurements were performed using an Applied Photophys-
ics Pi-star 180 spectrophotometer, as described previously
(17, 21, 22). The temperature was regulated using a Neslab
RTE-300 circulating programmable water bath. All kinetic
experiments were performed in 25 mM acetate buffer (pH
5.0) over the indicated range of temperatures. Refolding
experiments were performed by 1:10 dilution of unfolded
protein (15 uM in 5 M GdmCl) into buffered solutions of
different GdmCI concentrations, yielding a final protein
concentration of 1.36 uM. Experiments at a 5-fold lower
dilution were performed to assess the possible contribution
of protein aggregation on refolding rates, but no differences
in rate constant were apparent. For unfolding experiments,
a buffered solution of native protein was unfolded by a 1:10
dilution. Kinetic measurements for both unfolding and
refolding reactions were averaged four to six times at each
GdmCl concentration. In all cases, the GdmCI concentration
was determined using a refractometer.
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FIGURE 2: (a) Analysis of the intrinsic helical propensity of the
sequence of the main helix of wz-Ub (residues 19—38 included)
using AGADIR. This is compared with a family of engineered helix
mutants containing up to six specific stabilizing substitutions, as
shown in panel b. The intrinsic helical propensity of the native
sequence is very low (<2%); however, in the rationally stabilized
mutants, this is predicted to increase to ~35% in the case of EA4L.
(c) The sequences of three single-Gly helix mutants of wz-Ub, a
double-Gly mutant, and a triple-Gly mutant (GGG¥*, representing
N25G/S28G/D32G) are also shown, all of which are predicted to
further destabilize the native helical sequence. Mutated residues
are underlined.

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. Chevron plots were constructed by plotting the
natural log of the observed rate constants versus denaturant
concentration (23-25). Chevrons for some of the wr-Ub data
at 298 K in which a linear dependence of In kq,s was observed
were fitted using nonlinear regression analysis using Ka-
leidagraph according to the expression for a two-state (U <>
N) transition:

In kg = In[kyy exp(—myn[D1/RT) + kyyy exp(myy[D1/RT)]
M

Leffler plots (20, 26) were constructed to analyze the effects
of point mutations on refolding and unfolding rates for some
of the helical mutants of wr-Ub under apparent two-state
conditions (Ky; < 1) assuming that

In k= In kyy® — GAAG/RT )
In kyyy =1In kyy® + (1 — ) AAG/RT 3)
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where kyn® and kny© are the rate constants for folding and
unfolding for wt-Ub, respectively, kyn and kny are the folding
rates for the helix mutants derived from the chevron analysis,
AAGyn is the change in stability, and oy is a constant
describing the degree of nativelike structure formation in the
folding transition state.

Kinetic data which exhibited deviations from linearity in
the denaturant dependence of the refolding rates (rollover
effects) were fitted to both on-pathway (U <> I <> N) and
off-pathway (I <= U <> N) three-state models (25). The
observed rate constants and amplitudes were fitted simulta-
neously using the analytical solutions to the rate matrix
describing the production and decay of the three species U,
I, and N (23). The two observable macroscopic rate constants
for the on-pathway mechanism (4; and A,) are the positive
and negative solutions to the quadratic

A2+ (ke + kg, + ke + kA + (ko + kg F krgka) =0
“4)

Data were analyzed globally using IGOR (Wavemetrics) by
simultaneously fitting the normalized amplitudes of the
refolding and unfolding processes to determine the micro-
scopic rate constants. Amplitudes for the refolding phases
of A, and A, were fitted to eqs 5 and 6 and the amplitudes
for the unfolding phases of 4; and 4, to eqs 7 and 8, where
Fy is the relative fluorescence intensity of the intermediate
state (23).

A, (refolding) = [Fiky; (A, — kyp) — kyikind/TA (A — 4,)]
)
A, (refolding) = [Fiky (A, — kyy) — kurkind/[Aa(Ay — A5)]
(6)
A, (unfolding) = [ky (A, — ky; — kyy) + Fikn (A, —
kuDl/[4,(4, = 41 (7)
A,(unfolding) = — [ky (A, — ky; — ky) + Fiky (A, —
kUI)]/Mz(ll - /12)] ®)

For the propagation of errors, those originating from the
individual refolding and unfolding curves obtained at dif-
ferent denaturant concentrations were used. Errors quoted
on subsequent calculations are those obtained directly from
the IGOR global fitting procedure. A similar set of equations
was derived for the off-pathway three-state mechanism (I
<> U <> N). However, rate constants and amplitude data fitted
to the on-pathway model gave more realistic values for the
relative fluorescence intensity of the intermediate and lower
errors.

The temperature dependence of the rate constants was
analyzed to determine activation thermodynamic parameters
(AH®¥, AS°*, and AC,°¥) for the U — T and I — N transitions
from the kinetic data for the helix-stabilized mutant EA4L
at denaturant concentrations between 0 and 2 M GdmCl and
between 283 and 298 K (27). The rate constant k, is related
to temperature by

In k= Ink, — AG°*/RT )

where k, is the temperature-independent pre-exponential
factor (~10%), with the temperature dependence of the
activation free energy (AG®*) given by
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AG** = AH + AC,* (T — 298) — TIAS** +
AC,°* In(T/298)] (10)

Reported errors in these parameters reflect the quality of the
nonlinear least-squares fit to the experimental data.

RESULTS

Engineering Stabilizing Substitutions in the Main Helix
of wt-Ub. We have explored the folding pathway of yeast
ubiquitin using the FA5W background mutation as a fluo-
rescent probe. We subsequently refer to this mutant as wt-
Ub. The main helix (residues 23—34) packs within a
concavity on the surface of the 3-sheet forming a significant
proportion of the hydrophobic core of wr-Ub (Figure 1) (28).
A polypeptide corresponding to the isolated helix has been
studied by NMR and CD in different solvents and, in
agreement with helix—coil transition theory (29), appears
to have a very low intrinsic helical propensity (<2%) (30-32).
We used AGADIR to design a family of helix-stabilized
mutants of yeast wt-Ub by introducing substitutions mainly
on the solvent-exposed surface of the helix to alter secondary
structure propensity without perturbing tertiary interactions
or introducing non-native contacts that may result in the
stabilization of misfolded states (Figure 2a).

The residues D24, N25, S28, Q31, and D32 have largely
solvent-exposed side chains (Figure 1), allowing the helix
stability to be increased via introduction of multiple muta-
tions at these positions via substitution mainly with Ala.
However, in the case of the D24E substitution, there was
the possibility of introducing a helix-stabilizing salt bridge
between the side chain of Glu24 and Lys27, which is present
in the structure of the mammalian protein. We also intro-
duced a substitution for the solvent inaccessible residue
Val26 which is involved in core hydrophobic packing
interactions between the o-helix and the [-sheet. Previous
studies had suggested that the V26L mutation has a relatively
small effect on stability (~1 kJ/mol) with the Leu side chain
readily accommodated through some small local adjustments
to side chain packing (/4). The AGADIR calculations
suggest that the V26L substitution further enhances the
helical propensity of this portion of the polypeptide chain.
The complete family of helix mutants, containing between
two and six substitutions, together with the nomenclature
used, is shown in panels b and c of Figure 2. The AGADIR
calculation of percentage helicity at each position is shown
in Figure 2a for each of the stabilized mutants. From a
background level of <2% in the native sequence, the most
highly substituted mutant, EA4L, has an estimated helicity
of ~35% (Figure 2a). Subsequently, we introduced Gly point
mutations at various positions (A28G and A32G) to probe
secondary structure formation in the transition state of the
highly stabilized EA4L. mutant (see Figure 2) (33, 34).

Folding Kinetics for the Helix-Stabilized Mutants. The
helical mutants were characterized by stopped-flow fluores-
cence at 283 K in 25 mM acetate buffer (pH 5.0). In all
cases, the refolding data were resolved into three phases,
only two of which (4, and 4,) show significant denaturant-
dependent changes in rates and amplitudes. The variations
with denaturant concentration are shown for AA, EAL,
EA;L, and EA4L (Figure 3). The slowest phase, 13, represents
<5% of the amplitude change and showed little variation in

Rea et al.

rate constants with refolding conditions (0.5—3 s™'), sug-
gesting a slow isomerization phase, as previously identi-
fied (17, 21, 27). To simplify the appearance of the data,
neither A3 nor A; is included in the plots in Figure 3. In all
cases, A; has the highest amplitude (A; > 0.8) at low
denaturant concentrations; however, there is a rapid crossover
between A and A, as the denaturant concentration increases,
before A, finally decays to zero close to the midpoint of the
chevron. This behavior is typical of a three-state model in
which the I — N transition (4,) is associated with a significant
rollover at low denaturant concentrations, consistent with
formation of a stable I-state (23). Global fitting of all of the
data (rate constants and amplitudes) is consistent with an
on-pathway three-state model, with lines of best fit shown
in Figure 3. The effects of the mutations on the stability of
the intermediate (AGy;) and on the native state (AGyyn) show
that the mutants with the highest predicted helical propensi-
ties (EAsL and EA4L) have the most stable and highly
populated intermediates (Table 1). The analysis demonstrates
that under conditions in which the I-state is significantly
populated the Trp45 mutation is a sensitive spectroscopic
probe of both the U — I and I — N folding transitions.

We also globally fitted the experimental data to the three-
state off-pathway model but obtained unrealistic values for
the relative fluorescence intensity of the intermediate (F7)
as well as larger fitting errors. We further discriminated
between on-pathway and off-pathway mechanisms using the
approach described for cytochrome c on the basis of relative
rate constants for A and 4, (24, 35). It has been shown that
under conditions that favor the native state, the observed rate
constant for the I — N transition can be slower than or equal
to the microscopic rate constant for the I — U transition
only in the on-pathway model. Consistent with this model,
we observe that for EA;L and EA4L and the two EALL Gly
mutants, where the data are well-resolved, kiy < km,
supporting the on-pathway model.

Is the I-State Misfolded or a Productive Folding Species?
The denaturant dependence of each of the rate constants
provided m values from which we are able to estimate the
relative extents to which hydrophobic surface area is buried
in each of the transition states (TS1, U — I transition, and
TS2, I — N transition) and the I-state. In all cases, kjy and
myy, which are associated with the I — U unfolding transition,
are subject to the greatest uncertainty because of the low
amplitude of these data. All other parameters are well-defined
(see Table 1) with the rate constants for each transition
showing clear differences between mutants that reflect their
relative stabilities. In contrast, corresponding m values are
quite similar, suggesting that the mechanisms are not
changing significantly and that each of the key species (TSI,
I-state, and TS2) is structured to similar extents for each of
the mutants, with each species becoming progressively more
compact. The I-state has f3; values between 0.67 and 0.77
and shows a variation in stability between the various
stabilized mutants in the AGy; range of —16.5 + 0.5 to —23.3
4 0.4 kJ/mol. This trend in I-state stability correlates with
the trend in the estimated increase in helix propensity. The
global fitting has enabled us to estimate a value for the
fractional relative fluorescence intensity of the I-state (F7),
which lies in the range of 0.85—0.92 of that of the native
state, indicating that the indole side chain of Trp45 is
significantly solvent shielded in all of the mutants. Some
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FIGURE 3: Denaturant dependence of the refolding and unfolding rate constants at 283 K for the helix-stabilized mutants AA (a), EAL (b),
EA;L (c), and EA4L (d), with the corresponding amplitude variation of the two major phases for each mutant also shown. The amplitude
of the fast phase (O) shows that the intermediate is significantly populated at low denaturant concentrations, resulting in a significant
rollover for all mutants in the data for the I — N transition (H). The amplitudes of the two phases cross over at approximately 1.5—2 M
GdmCl as the I-state is destabilized at increasing concentrations of denaturant. The lines of best fit for each mutant represent the global
analysis of all of the data fitting to the three-state on-pathway model. In most cases, myy was poorly defined by either the low amplitude
of the data or the lack of points and was fixed to 4.2 kJ mol™! M~! to optimize the global fit (Table 1).

difference between F; and ff; may be expected since the
former is a specific probe of the indole side chain environ-
ment whereas [5; provides a more global measure of
hydrophobic surface burial.

The two folding transition states exhibit quite different
properties. Values for frs; of ~0.4 suggest that the initial
barrier to formation of a compact intermediate occurs early
along the folding trajectory in terms of changes in solvent-
excluded surface area. In contrast, the final barrier (TS2)
defining the I — N transition is late, with fts; in the range
of 0.76—0.80. The relative degree of surface exposure
suggests that TS2 is associated with further compaction of
the populated intermediate before reaching the native state.
The recent studies with other Trp mutants of ubiquitin
(including UbM!'W, UbS>W, and UbT%%W) (18) have suggested
that the late folding I-state is more compact than the final

transition state, indicating that some residues in the I-state
have to be unfolded for the polypeptide to reach TS2. This
is manifested in the kinetic data for the I — N transition by
arollover with an initially small positive slope (positive my
value) indicative of I-state unfolding before refolding (/8).
All of our helical mutants demonstrate a rollover with a small
negative slope in the initial part of the curve for the  — N
transition (see Figure 3 and Table 1), showing a sequential
increase in the degree of compactness along the folding
pathway from TSI to the I-state to TS2.

We examined the effects of helix stabilization on the height
of the rate-limiting barrier to folding. The kinetic data for
the AA, EAL, EAs;L, and EA4L mutants show that increasing
the helical propensity leads to an increase in the stability of
the I-state, but also to an acceleration of the rate of folding,
suggesting that helix stability is having an even stronger
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Table 1: Kinetic Parameters for the Refolding and Unfolding of wz-Ub and Various Helix-Stabilized Mutants at 283 K
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FIGURE 4: Kinetic data for 1, for the helix-stabilized mutants plotted
under approximate two-state conditions. Chevron plots represent a
simple two-state analysis of the folding data and were constructed
by fitting only the data that showed a linear dependence on
denaturant concentration. The data points that result in rollover
effects were not included in the analysis. In panel a, the data for
wt-Ub and the four mutants, AA, EAL, EAsL, and EA4L, show
the effects of increasing helix stability on the chevron. The most
stable mutant, EA4L, exhibits the fastest refolding rate. The strongest
effects of the increase in stability are manifested in changes in the
refolding and not the unfolding rates. (b) Similar analysis of the
data for wr-Ub, EA4L, and the two Gly mutants of EA4L, namely,
EA4L-A28G and EA4L-A32G, again showing the strongest effects
of the mutations on the refolding rates.

effect in modulating the height of the rate-limiting barrier.
For the purposes of illustration, we considered the kinetic
data for the mutants under approximately two-state conditions
at denaturant concentrations where the intermediate is
destabilized. These data are fitted to a linear chevron plot in
Figure 4a for illustration and clearly demonstrate that helix
stabilization correlates with accelerated refolding rates. A
similar approach was used to analyze the effects of the A28G
and A32G mutations on A4L (Figure 4b).

Thus, although the I-state is stabilized by substitutions
within the helix, we also see a stabilization of TS2 which
has the overall effect of accelerating folding. The observation
that the stabilization of secondary structure has a beneficial
effect on the folding kinetics appears to demonstrate that a
productive intermediate is being formed rather than a
misfolded state that must subsequently unfold to reach the
final transition state. In contrast, the predicted consequence
of the stabilization of a misfolded I-state, which has little
effect on the stability of TS2, would be to increase the rate-
limiting barrier to folding, resulting in a deceleration of the
folding rate. The latter scenario has been proposed for the
Trp mutants in the studies of Vallée-Bélisle and Michnick
and is supported by the observation that the I-state is more
compact than TS2 (/8). The differences apparent in the two
studies suggest that the hydrophobic nature of the Trp
mutations themselves may have some perturbing influence
in facilitating polypeptide chain collapse stabilized by non-
native contacts.

Intermediate Formation in Native wt-Ub Monitored Using
the F45W Mutation. The series of helix-stabilized mutants
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FIGURE 5: (a) Raw fluorescence decay data for wr-Ub at 283 K for
refolding in 1 M GdmCl at pH 5.0. The fit to a double and triple
exponential is shown along with the quality of the fit in each case,
represented by the residuals shown in panels b and c. A fast phase
is clearly evident in the double-exponential fit which is required to
fully define the initial fluorescence decay. The triple-exponential
fit fully describes the data, resulting in random residuals (c). The
derived rate constants are 219 =+ 46, 4.7 £ 0.02, and 0.75 £ 0.04
s™L

described above have enabled us to characterize a populated
intermediate using the background F45W mutation as the
fluorescent probe. Both the U — I and I — N transitions are
resolved even though the TS1 and TS2 barrier heights appear
to converge ultimately to yield rate constants for the U — I
and I — N transitions that are indistinguishable. We
re-examined the data for wr-Ub with the FASW mutation to
determine whether there is clear evidence for a highly
populated late I-state (/7).

We collected data for wt-Ub under conditions identical to
those described for the helix mutants (at 283 K), where the
slower folding rates facilitated better resolution of the two
folding transitions (see Figure 3). In the refolding data for
wt-Ub at low denaturant concentrations (<2 M GdmCl), we
were able to resolve either two or three phases with rate
constants between ca. 300 and 1 s™', as illustrated in Figure
5. The analysis requires a fast kinetic phase that accurately
describes the first few points of the fluorescence decay, which
is evident from the residuals calculated for double-
exponential (b) and triple-exponential fits (c). These points
are resolved well beyond the ~2 ms dead time of the
instrument (see the inset of Figure 5a). The low amplitude
of this phase means that the derived rate constants are subject
to a greater degree of uncertainty and show a much less clear
correlation with denaturant concentration. We have also
identified this fast phase in studies of a destabilized T12A/
T14A double mutant of wt-Ub; however, the fast phase is
not evident in the kinetic data of other stabilized mutants of
wt-Ub, including S19P (one of three mutations found in the
mammalian variant of ubiquitin), or in the kinetic data
collected on wz-Ub at 298 K (17), although here a burst phase
in the fluorescence intensity is apparent. The two remaining
phases (4, and 43) in the 283 K data account for the majority
of the amplitude change, with 4, being the predominant phase
at low denaturant concentrations (A, > 0.8). However, the
rate constants for A, and A; rapidly converge and are not
resolved at denaturant concentrations above 1 M GdmCl.
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FIGURE 6: Schematic representation of the kinetic data for wt-Ub
with the F4A5W mutation showing two possible scenarios for the
analysis of the data. In the first case (a), the intermediate is
significantly populated resulting in a well-defined increase and decay
of the amplitude curve corresponding to the I — N transition (43).
The barriers for the U — I and I — N transitions merge such that
the two rate constants are difficult to resolve at high denaturant
concentrations. In the second case (b), the I-state is relatively weakly
populated and a number of ill-defined data points with fast rates
(1) account for its rapid formation (U — I) and decay. The
amplitude profile is quite different, with that of the fast phase (1),
corresponding to the rapid U — I transition, being very small and
decreasing further as the denaturant concentration increases.

The kinetic analysis of A3 is further complicated by mixing
with other low-amplitude phases associated with prolyl or
nonprolyl cis—trans isomerization events which have similar
rate constants (1—3 s™!). Identical slow processes similar in
amplitude are also evident in the data for all of the helix
mutants, consistent with an underlying population of isomer-
ization-limited folding pathways (21, 27).

In contrast to the data for the helix-stabilized mutants,
where the fastest phase is well resolved and readily assigned
to the U — I transition, the fastest phase in the refolding
data for wr-Ub was associated with higher rate constants
(=150 s7') and a much smaller amplitude (A; < 0.2). We
have analyzed the data using the two possible scenarios
presented schematically in Figure 6. In the first instance (a),
we have assumed that the fast phase (4;) for wr-Ub is
associated with the formation of a low-stability I-state which
is only transiently populated. When the sum of the amplitudes
for all of the observed phases for wz-Ub at 283 K, including
the data for the low-amplitude fast phase, are plotted against
the fluorescence of the unfolded state, we see a linear
extrapolation that suggests these three phases fully account
for the fluorescence amplitude (data not shown). The
possibility of an additional low-amplitude I-state on the
folding pathway adds a further level of complexity to the
analysis, and for this reason, we have focused only on the
main folding phases, 4, and A3, which we ascribe to the U
— T and I — N transitions. The convergence of 4, and 15 at
approximately 1.5 M GdmCl, as shown in the experimental
data in Figure 7, makes it difficult to clearly resolve these
phases; however, the implication of this model is that the
intermediate must be significantly populated, resulting in a
pronounced rollover in the chevron plot (illustrated schemati-
cally in Figure 6a). The amplitude profiles for A, (U — I)
and A; (I — N) are expected to be similar to those observed
for the AA and EAL helix-stabilized mutants shown in Figure
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FIGURE 7: Kinetic analysis of the folding of wt-Ub at 283 K. (a) The kinetic data are resolved into three phases, 1, 4,, and 13. The change
in amplitude of these various phases as a function of denaturant concentration is also shown. The fastest phase A, (which is not visible in
the data at 298 K) is of low amplitude (A; < 0.2) and results in considerable scatter in the denaturant dependence of the rate constants. The
lines of best fit have been determined from a global analysis of the data fitted to an on-pathway three-state model with a weakly populated
I-state (see Figure 6b). For clarity, the amplitude data for A3 (which is low and independent of denaturant concentration) are not shown. In
panel b, the same data set is fitted to the model shown in Figure 6a, in which the I-state is significantly populated. The data points for 43
are now accommodated by the main refolding phase and represent the rollover in the data for the I — N transition. The expected crossover

in the amplitudes of A, and Aj; is less readily apparent.

3. As the two phases merge at approximately 1.5 M GdmCl,
we anticipated a crossover in A, and Az as the [ — N
transition begins to dominate the change in fluorescence
intensity (represented in Figure 6a). The experimental data
shown in Figure 7a do not clearly show the crossover of the
relative amplitudes of A, and Az predicted by this model
which is evident in the data of the helix mutants (Figure 3).
In Figure 7a, we have fitted both the rate and amplitude data
to this model, based upon a significantly populated I-state.
Although the rate constants produce a satisfactory fit, the
crossover in the amplitudes is less convincing.

In the alternative scenario (Figure 6b), we fitted the data
to a model in which the I-state is only weakly populated,
with the U — I transition defined by the low-amplitude fast
phase, 4;. The scatter in the data for this phase precludes a
detailed quantitative fit; however, the experimental amplitude
changes are consistent with this model (Figure 7b). The main
folding phase (A2; I — N transition) dominates the kinetics,
showing a decrease in amplitude toward the midpoint of the
transition (~3 M GdmCl) as contributions from the unfolding
kinetics become more significant. The initial small increase
in the amplitude for the I — N transition (A;) at low
denaturant concentrations reflects the destabilization of the
weakly populated I-state, resulting in a very small (barely
visible) rollover in the main chevron plot. Consistent with
this, the amplitude of 4, (U — I transition) is very low (A,
< 0.2) and continues to decrease as the I-state is destabilized.
However, all of the low-amplitude phases exhibit some
scatter. The remaining data for 13, representing the isomer-
ization phases and other possible minor parallel folding
pathways (/7), similarly have a low amplitude and show very
little variation with denaturant concentration. Thus, the data
fit globally to both models, and there is some remaining
ambiguity in distinguishing between them.

The Position of the Fluorescent Probe Affects I-State
Stability. In parallel studies with those recently described
by Vallée-Bélisle and Michnick (/8), we considered how
the visibility of the I-state was influenced by the location of
the fluorescent probe by relocating the Trp mutation to the
turn sequence in the N-terminal S-hairpin. The L8W mutation
in wt-Ub produces a large increase in fluorescence intensity
for the folding transition, in contrast to the decrease observed
for Trp45. We analyzed the folding kinetics of L§W at 283
K under conditions otherwise identical to those described in
the legends of Figures 3 and 7 for the helix mutants and
wt-Ub with the Trp45 probe. The refolding data for L§W
resolved into two phases at denaturant concentrations of <1.5
M GdmCl, with the two rate constants indistinguishable at
higher concentrations. The unfolding data are described well
by a single-exponential fit. Global fitting of the kinetic data
and the amplitude changes for the two observed refolding
phases shows that the folding mechanism of L8W is
consistent with a three-state on pathway model with the
crossover in A; and A, representing the U — I and I — N
transitions (Figure 8,) characteristic of the behavior observed
for the helix mutants (Figure 3). Thus, the amplitude change
for A, (I — N transition) shows the same increase and
crossover with A; as the population of the I-state increases
under conditions that strongly favor folding. The overall
effect of shifting the fluorescent probe from F45W to L8W
is to stabilize the U — N transition by ~10 kJ/mol. The
I-state for LW becomes highly populated with a stability
AGu; of ~17 kJ/mol. In contrast to the data for the helix
mutants, we observe an initially positive slope for LW for
the denaturant dependence of ky, indicating that the inter-
mediate must first unfold to reach TS2, suggesting that the
I-state may be more compact than is evident for the helix
mutants (Table 1). The data for LSW show the characteristics
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FIGURE 8: Kinetic data (amplitudes and rate constant dependence
on denaturant concentration) for the LSW mutant at 283 K and pH
5.0 in acetate buffer. Two refolding phases are resolved which
merge together at ~1.2 M GdmCl. The data are globally fitted to
the three-state on-pathway model which confirms that a stable I-state
is highly populated. A positive slope in the denaturant dependence
of ki shows that the populated I-state is highly compact and must
partially unfold in the U — TS2 transition. The data suggest that
the I-state may represent a partially misfolded state stabilized by
non-native interactions. The crossover of A; and A, is consistent
with a highly populated I-state.

recently identified for a number of the Trp mutants described
by Vallée-Bélisle and Michnick, and we concur that a highly
populated and compact I-state is formed on the folding
pathway which appears to represent a partially misfolded
state (/8). In contrast to the data presented above for the
Trp45 mutant, where in one scenario we suggest that an
I-state is only weakly populated, we are led to conclude that
the visibility of the I-state of ubiquitin and at least some of
its properties, including its stability and degree of compact-
ness, are dependent on the influence of the Trp probe in
stabilizing non-native hydrophobic contacts at different
locations. The formation of an I-state stabilized by non-native
contacts is less readily apparent in the helix-stabilized
mutants where relatively small perturbations are introduced
which appear to stabilize not only a compact I-state but also
one which is productive for folding.

Thermodynamic Characterization of the Folding Transi-
tion States. The refolding phases for the U —Tand I — N
transitions at low denaturant concentrations are particularly
well resolved for EA4L and were studied as a function of
temperature to provide thermodynamic insights into the
structure of the two folding transition states, TS1 (U — I)
and TS2 (I — N) (21, 27). Rate constants were determined
at denaturant concentrations between 0 and 2 M GdmClI and
exhibited a linear dependence at each of the temperatures
studied between 283 and 298 K. The temperature dependence
of In kyr and In kv is shown in Figure 9. The curvature in
the plot of In kyr shows that the rate constant varies very
little over this temperature range, but significant changes are
apparent for ki, indicating quite different thermodynamic
profiles for the two transition states. The temperature
dependence of the activation free energy for folding was
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FIGURE 9: Temperature dependence of the rate constants ky; and
ki for the helix-stabilized mutant EA4L collected over the
temperature range of 283—298 K. The curved plots were fitted to
eqs 9 and 10 to determine the activation parameters for folding.

determined using a pre-exponential factor k, of 10® and
enabled us to calculate the change in enthalpy (AH®¥),
entropy (AS°¥), and heat capacity (AC,¥) for transition state
formation (27). While AH°* and AC,°* are relatively
insensitive to the estimated value of k,, AS°* can change
significantly. In this context, we are concerned less with
absolute values than with relative values for the activation
parameters for the two transition states. The U — I transition
is associated with a large negative change in heat capacity
(—4.4 £ 0.5 kJ mol~! K™!) and a positive entropy change
(+121 £ 26 J K~! mol™"), both of which are typically
associated with solvent expulsion, but overall a small
enthalpy change (—1.3 £ 1.4 kJ/mol). The thermodynamic
parameters suggest an initial barrier crossing event in which
formation of the compact I-state is associated with hydro-
phobic collapse. In contrast, the I — N transition has a much
smaller change in heat capacity (—1.9 & 2.2 kJ mol~! K71)
but is strongly enthalpy-driven (—53.9 4 6.2 kJ/mol) and
opposed by a large adverse change in entropy (—204 + 104
J K71 mol™"). This thermodynamic signature is consistent
with the consolidation and further stabilization of the already
compact intermediate state as the final rate-limiting barrier
is crossed en route to the native state. The large enthalpy
change appears to reflect van der Waals packing of side
chains in the hydrophic core which is simultaneously
associated with the loss of backbone and side chain dynamics
as native side chain interactions are stabilized.

Degree of Helix Formation in the Transition State for
Folding of the Stabilized Mutants. We have used the classical
rate-equilibrium free energy relationship (REFER) to analyze
the effects of incremental changes in equilibrium stability
on the folding kinetics and structure of the rate-limiting
transition state (20, 36). The slope as of this multipoint
Leffler plot, which correlates In(kyn) and In(kny) with
AAGuN/RT, provides a description of noncovalent bond
formation in the transition state and has been applied in this
context to establish the degree of structure formation both
within the native helical sequence and in the engineered
mutants which are predicted to have a much higher intrinsic
helical propensity. A linear Leffler correlation provides an
indication that the stability of the element of structure
changes in a concerted manner during the folding reaction
without significantly altering the structure of the transition
state. Changes in slope ot have also been identified that are
consistent with shifts between competing parallel folding
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FIGURE 10: Kinetic data for the helix-destabilized mutants of wt-
Ub. The data for the three single-point mutations are shown in panel
a and give linear chevron plots indicative of approximately two-
state folding kinetics. The data show qualitatively that changes in
stability result in slightly greater effects on the unfolding rates. In
panel b, the kinetic data for the double and triple helix mutants
with Gly substitutions are compared with those for wz-Ub. Changes
are apparent in both refolding and unfolding rates with a small
change in the slope of the unfolding data suggesting that the
transition state for folding for these highly destabilized mutants is
shifting toward a more nativelike structure with an increase in frs.

pathways (20) and Hammond-like movements (37-39) of
the position of the transition state across a broad energy
plateau.

The kinetic data were analyzed at denaturant concentra-
tions where the I-state was not significantly populated (20),
approximating to a simple two-state folding reaction (kobs =
kun + knu) with the data fitted to a linear chevron plot (Figure
4a). It is apparent that helix stabilization has the strongest
effect in accelerating the refolding rate kyn. The introduction
of the A28G and A32G mutations into EA4L similarly
produced significant changes in the refolding rates (Figure
4b). We also generated a family of mutants of wt-Ub with
destabilizing Xaa — Gly substitutions (N25G, S28G, S28A,
and D32G) set against the background sequence of the native
helix (Figure 2c). We further extended the stability range
by introducing the double (N25G/D32G) and triple (N25G/
S28G/D32G) Gly mutations (GGG* in Figure 2¢). The linear
chevron plots for the major folding phases for each mutant
are shown in Figure 10. In this case, a qualitative analysis
shows that in the majority of cases any changes in stability
produced by the mutations appear to most significantly affect
the unfolding rates. The single-point mutations (Figure 10a)
have little effect on the m values in either the refolding or
unfolding arms of the chevron plots and give calculated Srs
values (0.68—0.70) similar to those for the helix-stabilized
mutants shown in Figure 4. However, the more destabilizing
double and triple mutants led to a smaller slope correspond-
ing to myy (Figure 10b), indicating that the transition state
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FIGURE 11: Leffler plot of the rates of refolding and unfolding of
the helical mutants vs stability. The data for the family of helix-
stabilized mutants are shown as black symbols. Both the refolding
and unfolding data are biphasic. The refolding data for the helix-
stabilized mutants are described by a slope s of 0.95 & 0.21, which
demonstrates that on average the helix is highly structured in the
folding transition state of these mutants. In contrast, the refolding
data for the destabilized mutants (O; from data in Figure 10) give
a much shallower slope (a; = 0.31 £ 0.06), suggesting that the
helix is significantly less well structured and more diffuse, in
agreement with the low intrinsic helical propensity of the native
helix.

is becoming more nativelike and occurring later along the
reaction coordinate (8rs values of 0.73—0.75).

We constructed a Leffler plot for all of the mutants,
representing a range of stabilities of ~16 kJ/mol and a > 10-
fold variation in refolding rates. The Leffler plots of In(kyn)
and In(kny) versus AAGun/RT both show a significant
deviation from a single linear correlation (Figure 11).
Moreover, the data do not appear to be well-defined by a
smooth curvature but by a biphasic behavior that divides the
data into two groups corresponding to the effects of stabiliz-
ing and destabilizing mutations (20). The change in stability
of the destabilized ws-Ub mutants fits well to a linear
correlation with an o of 0.31 &£ 0.06. The multipoint analysis
suggests that on average the helix is only weakly stabilized
in the transition state, consistent with the predicted low
intrinsic helical propensity of <2% for wz-Ub (see Figure
2). However, when we analyzed the data for the helix-
stabilized mutants (including the A28G and A32G mutants
of EA4L), we see a much larger slope in the refolding data
with an oy of 0.95 £+ 0.21, indicating that on average the
helix is now significantly more structured in the folding
transition state.

DISCUSSION

Populated Intermediates in the Folding of Ubiquitin:
Misfolded or Productive? Whether an I-state is populated
on the folding pathway of ubiquitin has for some while been
an issue of contention (//-18). Early evidence for a burst
phase in the fluorescence intensity data came from a number
of studies (/4), indicative of a rapid transition in the dead
time of the stopped-flow experiments characteristic of a
weakly populated intermediate. Transient protein aggregation
was subsequently shown to influence the folding kinetics
(12). Further, the burst phase first proposed by Roder et al.
(14) was not identified in a subsequent study by Krantz and
Sosnick (/7). Some of the recently described Trp mutants
appear to show evidence of burst phase behavior (MIW,
A28W, and T66W) (18), although this was not apparent in
the analysis of the FA5W mutant. Thus, there has not been
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any consistency in the reported appearance of a burst phase
in the F45W wz-Ub data, highlighting the difficulties in
assigning burst phase amplitudes when considering rate
processes approaching the instrumental dead time (40).
Continuous-flow experiments described by Roder et al. (48)
have further suggested fast processes (150 us to 2 ms)
occurring well within the dead time of conventional stopped-
flow instrumentation (40). In contrast, the small-angle X-ray
scattering (SAXS) measurements of Sosnick and Krantz (15),
together with their earlier kinetic studies with mammalian
ubiquitin (/7), argued against a significant accumulation of
secondary structure in the first few milliseconds of folding.
Moreover, the observation of burst phase CD signals that
might be construed as evidence of chain collapse within the
dead time of the experiment were attributed to the response
of the unfolded state to changes in solvent conditions that
affect the distribution of backbone torsion angles. Hydrogen
exchange experiments also suggested that there is no
significant stabilization of secondary structure during the dead
time of the stopped-flow experiment in advance of the main
cooperative folding transition (44). Other studies have
suggested the early formation of a compact structured
ensemble without a fluorescence signature (42), and that
multiple probes reveal the formation of nativelike intermedi-
ates during low-temperature refolding studies (43).

In recent studies, tryptophan probes were engineered at five
different positions in ubiquitin to enhance the visibility of
different folding transitions involving both local and global
changes in the conformation of the polypeptide chain (/8). A
significant population of an I-state associated with a pronounced
rollover in the chevron plot was detected for a number of these
Trp mutants (M1W, S57W, and T66W); however, others
appeared to be relatively “silent”, including the widely used
FASW mutation and A28W. The data for the FA5W mutant
appear to be ambiguous with the U — I and I — N transitions
suggested to be so poorly resolved that values for ky; and kin
merge to give an apparent U — N transition and a V-shaped
chevron that has been widely characterized up to this point as
evidence of a two-state mechanism (77, 12, 17). However, on
the basis of the global analysis presented here for Trp45 wr-
Ub, and previous studies (/7), the case for the population of a
highly stabilized I-state is not clear-cut. However, the mutants
MI1W and S57W more clearly resolved a highly collapsed state
driven by non-native interactions that must partially unfold in
the final rate-limiting transition state (/8). In contrast, our helical
mutants demonstrate a rollover with a small negative slope in
the initial part of the chevron for the I — N transition (see Figure
3 and Table 1), demonstrating that the I-state is less compact
than the rate-limiting transition state. We have rationalized the
data in terms of a sequential increase in hydrophobic surface
burial along the folding pathway from U to TS1 to I to TS2 to
N. The differences highlighted by the two studies suggest that
the misfolded I-state reported to be stabilized by the Trp
substitutions (ref /8 and this work), which leads to the
requirement for error repair in the rate-limiting transition
state, is structurally distinct from the I-state populated by
the helix mutants, which appears to be stabilized by nativelike
interactions. Both of these approaches have engineered
I-states that appear to be much more stable and compact than
the weakly populated intermediate on the folding pathway
of native wz-Ub, from which we also conclude that they are
structurally distinct.
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We have shown in this investigation that by engineering
stabilizing mutations on the solvent-exposed surface of the main
helix an I-state becomes highly populated. The interactions that
are stabilizing the I-state also appear to stabilize the late
transition state, leading to an acceleration of the conversion of
I to N. On this basis, we conclude that nativelike contacts are
enhanced in the transition state by the stabilized helical template,
rather than by non-native interactions which of necessity would
have to be corrected by partial unfolding. In the general context,
hierarchical mechanisms in which stable elements of secondary
structure are accreted may invariably lead to the population of
an intermediate state. It has been proposed that within a unifying
mechanism for protein folding, the propensity of the polypeptide
chain to form elements of stable secondary structure is an
important controlling influence in determining which of the
classical folding pathways will be followed (44—46), the two
extreme manifestations of which are the nucleation—
condensation and diffusion—collision mechanisms. The biphasic
nature of the Leffler analysis of the ubiquitin mutants presented
in this study is consistent with a shift toward the latter as the
autonomous stability of the isolated helical sequence incre-
ases (26, 45). In a number of studies, the accumulation of an
I-state has been rationalized on the basis of the formation of
non-native contacts with the stabilized helix (46, 47), requiring
error repair in the rate-limiting transition state before nativelike
structure can be established and consolidated. These cases have
demonstrated that non-native interactions play a significant role
in the folding of native states, and that a late barrier to folding
may more generally represent rate-limiting error repair processes
that are an inescapable consequence of the rugged energy
landscape for folding (46-50). The proposed folding mechanism
for helix-bundle immunity protein Im7 is one such case (46).
A diffusion—collision process, as suggested for a number of
helical proteins, results in a substantial number of non-native
hydrophobic interactions that are proposed to stabilize helix—helix
contacts in a populated intermediate, driven by the burial of
the maximum number of hydrophobic side chains. Misfolding
appears to arise as a consequence of a hierarchical folding
process in which stable helices form rapidly and present a
hydrophobic template against which non-native contacts can
form. Although the helix-stabilized mutants of wt-Ub reported
in this study also result in a highly populated I-state, an increase
in local secondary structure propensity appears to assist folding
by lowering the energy barrier for the rate-limiting step which
we conclude must be by facilitating formation of nativelike
contacts in the transition state.
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