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Have the Same Stability but very Different Kinetic
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The study of proteins with the same architecture, but different sequence has
proven to be a valuable tool in the protein folding field. As a prelude to
studies on the folding mechanism of spectrin domains we present the
kinetic characterisation of the wild-type forms of the 15th, 16th, and 17th
domains of chicken brain a-spectrin (referred to as R15, R16 and R17,
respectively). We show that the proteins all behave in a two-state manner,
with different kinetic properties. The folding rate varies remarkably
between different members, with a 5000-fold variation in folding rate
and 3000-fold variation in unfolding rate seen for proteins differing only
1 kcal molK1 in stability. We show clear evidence for significant complexity
in the energy landscape of R16, which shows a change in amplitude outside
the stopped-flow timescale and curvature in the unfolding arm of the
chevron plot. The accompanying paper describes the characterisation of the
folding pathway of this domain.

q 2004 Elsevier Ltd. All rights reserved.
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Introduction

How a protein folds to its functional state is a
fundamental question of biology. This problem is
hugely complex due to the large network of non-
covalent interactions responsible for folding and the
diversity of folds adopted. Studies have, however,
highlighted the importance of topology in deter-
mining folding kinetics and mechanism.1–3 The
comparison of folding pathways in proteins with
the same structure but different sequence is thus
one way to reduce the complexity of the folding
problem. This approach has been successfully
applied to the study of a number of folds, with
differing results (many studies are reviewed by
Gunasekaran et al.4). In particular, the folding
mechanism of a family of helical proteins has
recently been shown to be sensitive to the propen-
sity to form local helical structure.5 Studies on the
folding of other helical proteins are described in
more detail in the accompanying paper.6
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Spectrin domains are found as multiple tandem
repeats in cytoskeletal proteins including spectrin,
a-actinin and dystrophin. The 106 amino acid
residue repeat unit folds into a coiled coil
with three antiparallel helices (Figure 1).7–11

Uncommonly, there are very few highly conserved
residues; only a tryptophan residue in helix A and a
leucine two residues from the carboxyl terminus of
helix C are conserved in more than 80% of
sequences in the Pfam database.12 Although found
in multiple tandem repeats in vivo, isolated spectrin
domains are folded in solution.8,13–15

A number of structures are available, both
of single domains and of domains linked in
tandem.9,11,16,17 Part of the a actinin “rod domain”
(four domains linked in a tandem array) and the 16th
and 17th domains of chicken brain a-spectrin have
been crystallised.16,17 The linker region between
domains appears helical in both crystal structures.
Theproperties of spectrindomainshavebeen studied
using atomic force microscopy, molecular dynamics
simulations and chemical/thermal denaturation
techniques.13–15,18–22 Under mechanical stress,
unfolding events corresponding to both one and
two domains unfolding occur.23 Thus both indepen-
dent and cooperative behaviour is seen, with this
behaviour being tuneable with temperature.24

Studies of spectrin domains in solution appear to
d.
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Figure 1. Ribbon diagram of R16. The structure of R16 is coloured from blue at the N terminus to red at the C terminus
with the side-chains of the three residues that were mutated, W21, P60 and W94, displayed. The structure of R17
overlays well with that of R16; the backbone RMSD between domains R16 and R17 using coordinates taken from the
crystal structure of R1617 (1CUN) is 1 Å. Comparison of these coordinates with the NMR structure of R16 (1AJ3) gives a
backbone RMSD of 2.5 Å. The NMR structure is six residues shorter at the C terminus, helix C is therefore shorter in the
NMR structure (helical structure is, however, seen to the end of the amino acid sequence). No structure of R15 is
available. An alignment of the amino acid sequences of R15 and R16 reveals that, unlike R15 and R17, R16 has the semi-
conserved proline residue in helix B and an additional tryptophan in helix C. The percentage pairwise sequence
identities are 29%, 33% and 32% between R15 and R16, R16 and R17 and R15 and R17, respectively. These values are
higher than the average value of 16% across the whole family; however it still represents a significant diversity in
sequence. This Figure was drawn using DeepView/Swiss-PdbViewer v3.7 (http://www.expasy.org/spdv/) and POV-
Ray v3.5 (www.povray.org).

Figure 2. Equilibrium denaturation curves for R15, R16
and R17 measured using fluorescence (F) and circular
dichroism (CD) displayed as fraction of folded protein.
The line shows the fit of the data to a two-state equation.
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show a similar behaviour. MacDonald and co-
workers have carried out thermodynamic studies
of seven two-domain a-spectrin constructs where
the linker region showed a range of helical
propensities. They report that the helical propensity
of the linker region correlates with the stability of
the domain pairs and suggest that the differences in
structure of linker regions between different
domains may have an important role in spectrin
flexibility.13

Why study spectrin domains? The helices have
between 28 and 36 amino acid residues, giving an
elongated, rod-like structure, in contrast with the
globular shape of most other domains whose
folding pathway has been studied to date. This
unusual shape makes it an interesting target for a
folding study (Figure 1). Further, the spectrin
domains are well represented in the Pfam database,
with 2132 sequences and an average percentage
identity of 16%.12 This allows the comparison of
members of the spectrin family that are diverse in
sequence. Our aim was to choose a system that
would allow us to study both the folding of
individual domains and to investigate whether
the folding mechanism changes when the domains
are linked in tandem. The 16th and 17th domains
of a-spectrin have previously been shown to be
suitable for a detailed folding study; they are
sufficiently stable to withstand mutation and have
no disulphide bridges or cis-proline residues that
can complicate the folding analysis.14,21 As a
preliminary to these studies the detailed character-
isation of wild-type R15, R16 and R17 is presented
here. Although the proteins have similar
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thermodynamic stabilities, the folding rates vary
over more than three orders of magnitude and there
is evidence from kinetic data for complexity in the
folding landscape of the spectrin domains. An in-
depth investigation of the folding pathway of R16 is
described in the accompanying paper.6
Results and Discussion

Equilibrium properties

All three domains unfold in a two-state manner at
equilibrium as judged by the coincidence in the
fluorescence and far-UV circular dichroism (CD)
denaturation curves (Figure 2). The domains have

http://www.expasy.org/spdv/
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Table 1. Kinetic and thermodynamic parameters

Protein

mD–N (eq)a

(kcal molK1

MK1)
DGH2O

D–N (eq)
(kcal molK1) kH2O

f (sK1) kH2O
u (sK1)

mD–TS

(kcal molK1 MK1)
mTS–N

(kcal molK1 MK1)
DGH2O

D–N (kin)
(kcal molK1)

mD–N (kin)
(kcal molK1

MK1)

R15 1.8 (G0.1) 6.8 (G0.2) 60,000b

(G20,000)
1.3b (G0.2) 1.12 (G0.04) 0.59 (G0.02) w6.5 1.71

R15 (10 8C) – – 9800b

(G800)
0.021b

(G0.004)
1.04 (G0.02) 0.75 (G0.02) w8 1.79

R16 1.9 (G0.1) 6.4 (G0.2) 125 (G3)c 2.6!10K3c

(G3!10K4)
1.19d (G0.01) 0.71d (G0.02) 6.3 (G0.3) 1.9 (G0.1)

R16 P60A 1.8 (G0.1) 6.8 (G0.2) 388 (G13)c 4.7!10K3c

(G3!10K4)
1.09d (G0.01) 0.71d (G0.02) 6.6 (G0.3) 1.8 (G0.1)

R16 W94F 1.8 (G0.1) 4.3 (G0.1) 64 (G2)c 4.3!10K2c

(G3!10K3)
1.26d (G0.02) 0.71d (G0.02) 4.4 (G0.2) 2.0 (G0.1)

R17 2.0 (G0.1) 6.0 (G0.2) 30 (G2)b 4.0!10K4b

(G3!10K5)
1.37 (G0.02) 0.87 (G0.01) 6.6 (G0.3) 2.2 (G0.1)

The errors in kf
H2O, ku

H2O, mD–TS and mTS–N are from the fit to the model as stated above. These errors were combined using standard

methods to determine the error in the kinetic values of DGH2O
DKN and mD–N.

a The equilibrium (eq)m-value reported for R15 is the mean and standard deviation of three experiments on wild-type protein. Those
for R16 and mutants and R17 are the mean and standard deviation over all mutants characterised in our laboratory.

b Calculated using the two-state model.
c The values quoted were calculated using a sequential transition state model.25,42 The same value within error is found if a model

describing a broad transition state is used.37–41 The fit of the data to these models will be described in detail elsewhere. The program
ProFit (Quantumsoft) was used in data fitting.

d These values are for the transition state for folding in water, a global value of mTS–N was determined, as will be described in detail
elsewhere.
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similar m-values, reflecting their similar structure,
and they have similar thermodynamic stability
(Table 1).

Kinetic studies

R16 and R17 were studied using both fluor-
escence and CD stopped-flow measurements at
25 8C. Rate constants measured using both tech-
niques were the same, within experimental error, at
each denaturant concentration. R15 folds and
unfolds very rapidly, beyond the range of our CD
instrument, hence (un)folding was monitored by
following changes in fluorescence only. At 25 8C
only a small range of denaturant concentrations
could be studied for R15 (2.5–6.5 M urea); outside
this range the rate constants were too rapid to be
determined accurately. To compensate for this, R15
was also studied at 10 8C (increasing the accessible
range of denaturant concentrations to 1.5–7.5 M
urea).
† It should be noted that a number of R17 mutant
proteins show a change in the slope of the unfolding arm
(data to be published elsewhere), indicating that the
folding landscape of R17 may be more complex than
inferred from studies of the wild-type alone, as has been
seen in the protein S6.27
R15 and R17 show simple kinetic behaviour

The folding kinetics of R15 and R17 were
relatively simple to analyse; only one phase was
apparent in both unfolding and refolding traces and
no stable kinetic intermediates were detected in the
measurable range of urea concentrations. Kinetic
folding intermediates can be inferred from curva-
ture (or “roll over”) in the refolding arm of a
chevron plot. The folding arms of the chevron plots
are linear for both R15 and R17. (For R15 it is
important to note that, as rate constants at low
concentrations of urea were too fast for us to
measure, we cannot be certain that R15 does not
populate a stable folding intermediate in the
absence of denaturant.) The fluorescence and CD
Exhibit 2073 
Page 03 of 11
amplitudes were also analysed in R17 to look for
any dead-time loss or gain of signal. All the
amplitude was accounted for in the kinetic traces.
(Again, the data range for R15 is too small to be
conclusive.)
Curvature in the unfolding limb of a chevron plot

indicates some complexity in the folding landscape.
Such curvature has been attributed to changes in
the native state at high denaturant concentrations,
the presence of high-energy intermediates, or to a
moving transition state.25–29 As shown in
Figure 3(a) it is possible that in R15 there is some
curvature in the unfolding arm of the chevron at
10 8C.When all data points are used in the two-state
fit (continuous line) there is a small systematic
deviation about the line. If the last two points are
excluded (broken line), then mku

increases and the
last points fall below the line. The rate constants
at high concentration of urea are in the region of
250 sK1, inside the capabilities of our stopped-flow
instrument, suggesting that this is not an artefact.
This infers that R15 may show complexity in the
folding landscape. The chevron for R17 is linear
between 0 and about 8 M urea; above this value, the
rate constants are slower than would be expected
from a linear relation. The measured rate constants
are similar to those seen for R15, but the deviation
from linearity is much smaller†.
Since, for both R15 and R17 any deviation from

linearity is small, both chevron plots were fitted
assuming simple two-state behaviour; the kinetic



Figure 3. R15 and R17 kinetics. (a) Rate constants for the folding of R15 at 25 8C (blue diamonds) and at 10 8C (black
triangle) measured using fluorescence are shown. The continuous line represents the fit to a two-state model of the whole
data set for each temperature, to illustrate the maximum predicted folding rate constant for R15. The broken line for the
data measured at 10 8C is the fit to a two-state model with the data points at urea concentrations above 7 M excluded.
(b) Rate constants for folding of R17 measured using fluorescence (blue diamonds) and CD (red triangles) are shown.
The line represents the fit to a two-state model. (c) R17 fluorescence amplitudes; the initial (red triangles) and final (blue
diamonds) fluorescence measurements of kinetic traces are shown. (d) R17 CD amplitudes; the initial (red triangles) and
final (blue diamonds) CD measurements of kinetic traces are shown.
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parameters from this fit are listed in Table 1.
(It should be noted that alternate methods of
analysis, such as the inclusion of quadratic terms,
made no significant difference to the kineticm-value
or DGD–N) A common test for two-state behaviour is
to compare kinetic and equilibrium parameters. For
R15 both the kinetic DGD–N and m-value are the
same (within error) as those determined at equili-
brium. For R17 the kinetic and equilibrium
m-values are the same (within error) but the kinetic
DGD–N is higher than that determined at equili-
brium. Although values for the free energy change
for folding measured using equilibrium and kinetic
methods differ slightly, there is no evidence of any
other species on the folding pathway. In fact, the
kinetic stability is apparently higher than the
equilibrium stability, which would not be the case
in the presence of a folding intermediate. We
conclude that both R15 and R17 fold by a two-
state mechanism under the observable conditions,
i.e. the only stable, populated states are the
denatured and native states.
R16 exhibits complex kinetic behaviour

The presence of multiple refolding phases. In R16,
only one phase was apparent in unfolding kinetic
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traces; however, in refolding, two phases were
detected. The slower phase typically accounts for
10–15% of the total amplitude in both CD and
fluorescence measurements and exhibits a depen-
dence on urea concentration (Figure 4).

What is the second folding phase seen in R16?
Possible causes of complex refolding kinetics
include heterogeneity in the denatured state, the
presence of an intermediate and folding to an
alternate species.30–34 We carried out a series of
experiments to distinguish these possibilities.
Interrupted refolding experiments were under-
taken to establish that both folding phases form
the native species.35 Unfolded wild-type protein
was diluted to 1.5 M urea for refolding. After a
variable delay the protein was then unfolded into a
final concentration of 7.5 M urea. The unfolding
traces showed the same rate constant for all delay
times. The amplitude of the unfolding reaction
increases in two phases (Figure 4(c)). The two
phases appeared with same apparent rate constants
as those measured for the refolding rate constants at
1.5 M urea, and had the same amplitudes (legend to
Figure 4). These results indicate that both phases
directly form the native protein.

The slow refolding phase in R16 is only partly due to
proline cis–trans isomerisation. Since the interrupted



Figure 4. Wild-type R16 kinetics. (a) Folding and unfolding rate constants for R16. Rate constants for the major phase
measured using fluorescence (blue diamonds), using CD (red triangles) and for the minor phase measured using
fluorescence (green circles) are shown. (b) Fluorescence amplitudes; the initial (red triangles) and final (blue diamonds)
fluorescence measurements of kinetic traces are shown. (c) The time-course of the appearance of the single unfolding
phase of native R16 in interrupted refolding experiments. The fluorescence amplitude from interrupted refolding
(purple circles) and the fit of the amplitudes to an equation describing a two-exponential process (black line) are shown.
The appearance of the major phase has an apparent rate constant of 6.2(G0.5) sK1 and corresponds to 85(G2)% of the
total amplitude, the minor phase appears with an apparent rate constant of 1.2(G0.5) sK1. These values are in good
agreement with the rate constants for refoldingmeasured directly by urea jump; in this case the rate constant of themajor
phase is 5.9(G0.2) sK1 and that of the minor phase 1.0(G0.2) sK1, with the major phase accounting for 87(G3)% of the
total amplitude.
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unfolding experiments demonstrate that both
refolding phases form the native protein, hetero-
geneity in the denatured state is likely to be
responsible for the second folding phase. As R15
and R17 folded with single-exponential kinetics, it
seemed likely that the second refolding phase could
be attributed to cis–trans proline isomerisation
(neither R15 or R17 has a proline, but R16 has a
trans-proline at position 60 causing a kink in the
middle of the B-helix). However, on mutation of
proline 60 to alanine (P60A) a second refolding
phase is still observable, although the amplitude is
reduced to approximately 3–5% of the total. This
suggests that, whilst the presence of the proline
residue is the major contributor to the second
refolding phase, it is not solely responsible. Inter-
rupted unfolding experiments were undertaken to
investigate this further.

Pappenburger et al. have recently demonstrated
that the isomerisation of non-prolyl cis peptide
bonds can result in minor unfolding phases.36

Interrupted unfolding experiments were carried
out for the wild-type R16 and P60A to determine
the number of equilibration processes in the
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unfolded state (Figure 5). Unfolding was allowed
to proceed for 50 ms–100 seconds before refolding
was initiated and the amplitudes of the refolding
reactions monitored with time.
In the wild-type protein, the refolding traces fit

well to a double-exponential equation for delay
times greater than 250 ms, for shorter delay times
the data were well described by a single
exponential. The faster of the two refolding phases
appeared with an apparent rate constant of
3.4(G0.5) sK1 corresponding, within error, to the
rate constant for unfolding at this concentration of
urea. However, the appearance of the second phase
was biphasic, indicating that two isomerisation
processes were involved (Figure 5). A fit to a double-
exponential equation gave values for the apparent
rate constants for the appearance of these phases of
k1Z1.4(G0.3) sK1 and k2Z0.02(G0.005) sK1 and at
long delay times the phases account for 4(G0.5),
and 6(G0.5)% of the total amplitude, respectively.
In P60A the refolding traces also fit well to a

double-exponential equation for longer delay
times (O200 ms) and to a single exponential for
shorter delays. This indicated that there is still



Figure 5. Interrupted unfolding experiments. (a) The time-course of the appearance of the major refolding phase in
R16. The line shows a single-exponential fit with an apparent rate constant of 3.4(G0.5) sK1 (b) The time-course of the
appearance of the minor refolding phase in R16. The line shows a double-exponential fit with apparent rate constants of
k1Z1.4(G0.3) sK1 and k2Z0.02(G0.005) sK1. (c) The time-course of the appearance of the major refolding phase in P60A.
(d) The time-course of the appearance of the minor refolding phase in P60A. (Note that for clarity this Figure shows the
amplitude for theminor phase up to a delay time of ten seconds, however this amplitude remained the samewithin error
up to 100 seconds.) The lines in (c) and (d) show single-exponential fits with apparent rate constants of 8.3(G0.3) sK1 and
1.8(G0.2) sK1, respectively.
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heterogeneity in the denatured state in the absence
of the proline residue. The major phase again
appeared with a rate constant corresponding to
that for unfolding, giving an apparent rate constant
of 8.3(G0.3) sK1. For this mutant, however, the
minor phase accounted for only 3.5(G0.5)% of the
total amplitude and appeared as a single phase,
whose apparent rate constant was 1.8(G0.2) sK1.

These data suggest that a second minor refolding
phase in the folding of R16 reflects the folding of
molecules limited both by the presence of a cis
proline and by other cis peptide bonds in the
denatured state. However, the rate constants for
these two processes cannot be resolved in the
wild-type protein.

Curvature in unfolding kinetics. The unfolding limb
of the R16 chevron plot is distinctly curved (Figure
4(a)). Non-linear activation free energy relation-
ships have been reported for a significant number of
apparent two-state proteins (summarised by San-
chez & Kiefhaber25). Two common interpretations
have been suggested for such curvature. The first
interpretation is that the free energy barrier is broad
with a large number of energetically similar states;
different regions of this barrier then become rate-
limiting under different conditions, analogous to
Exhibit 2073 
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Hammond behaviour in small-molecule reac-
tions.28,37–41 Alternatively, non-linearity can be
described using a sequential folding model.25,29,42

In this case, the free energy barriers are narrow and
curvature arises due to a switch between two (or a
small number of), transition states separated by
obligatory on-pathway, high-energy intermedi-
ate(s). We have fitted the data using both of these
models. The application of these different methods
to the analysis of the kinetic data for R16 and
mutants will be described in detail elsewhere. In
summary, we find the same values for kH2O

f , kH2O
u

from both models, within error, resulting in the
same value for DGH2O

DKN (Table 1). Most importantly,
the kinetic DGD–N andm-value are the same as those
obtained from equilibrium measurements. This
correspondence between kinetic and equilibrium
parameters is clear evidence that the folding of R16
is two-state (i.e. the only populated states are the
native and denatured states: there are no stable,
populated intermediates). However, the curvature
is indicative of some complexity in the folding
landscape, suggesting either a broad transition state
or a high-energy intermediate.

Dead-time changes in amplitude in refolding. Despite
the clear evidence that there is no folding



Figure 6. W94F kinetics. (a) Folding and unfolding rate
constants for W94F. Rate constants for the major phase
(blue diamonds) and minor phase (green triangles)
measured using fluorescence. (b) W94F fluorescence
amplitudes; the initial (red triangles) and final (blue
diamonds) fluorescence measurements (arbitrary units)
of kinetic traces are shown. No increase in initial
amplitude is observed (compare with Figure 4(b)).

Figure 7. Predicted helical propensities.43 Helical
propensity of the R15, R16 and R17 sequences at 298 K
predicted using AGADIR is shown.
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intermediate (no roll-over in the refolding kinetics
and correspondence between equilibrium and
kinetic DG and m-values), the amplitudes for
fluorescence stopped-flow measurements for
refolding traces do not correspond to those
expected from the observed amplitudes for unfold-
ing. (Figure 4(b)). Unfortunately, we were unable to
determine whether this is accompanied by a dead-
time change in the CD signal, since at the low
protein concentrations required to avoid aggrega-
tion artefacts (O5 mM) the amplitude data were too
noisy to be interpreted with confidence, even when
a large number of traces were averaged.

The initial state in the refolding stopped-flow
experiment is more fluorescent than expected from
extrapolation of the unfolded amplitudes (Figure
4(b)). R16 has two tryptophan residues (Figure 1) at
positions 21 (A helix) and 94 (C helix). Is one or
are both tryptophan residues responsible for the
observed initial increase in fluorescence? To answer
this question, two mutants, W21F and W94F, were
characterised. Both mutants were shown to be
folded with a DGH2O

D–N of 4.7 kcal molK1 for W21F
and 4.3 kcal molK1 forW94F (Table 1).W94F exhibits
a similar fluorescence profile to the wild-type
protein. Maxima are seen at 335 nm and 350 nm in
the native and denatured states, respectively, and
the observed fluorescence decreases on folding in
stopped-flow experiments, as it does in wild-type.
This suggests that the fluorescence of the remaining
tryptophan, W21, is principally responsible for
the fluorescence changes observed on R16 folding.
As for wild-type, unfolding traces fit well to an
equation describing a single-exponential process,
whilst refolding had two phases, with the slower
phase accounting for approximately 10–15% of the
total amplitude. However, in this case, the two
refolding phases seen on the stopped-flow time-
scale account for all of the expected amplitude
(Figure 6). This suggests that the dead-time change
in amplitude does not come from changes in the
region of W21.

In contrast, W21F has a very different fluor-
escence profile to wild-type. The maximal fluor-
escence in the native state is at 320 nm, shifting to
350 nm on denaturation and an increase in fluor-
escence is seen on folding in stopped-flow exper-
iments. The kinetics of this mutant are complex,
suggesting a possible change in folding behaviour,
however, for present purposes it is sufficient to note
that an increase in fluorescence is seen on folding
when W94 is the only fluorescent probe.

Despite the discrepancy in observed amplitude,
no significant curvature is seen in the refolding arm
of the chevron and there is good agreement between
the m-values and stabilities calculated from kinetic
and thermodynamic experiments without postulat-
ing a populated intermediate. Thus, the most likely
reason for the poor agreement between fluorescence
amplitudes for folding and unfolding is the
presence of residual structure in the denatured
state in the region of a fluorophore. In the absence of
W94, no burst phase in fluorescence is seen.
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Interestingly, AGADIR predicts a helical propensity
of 20–30% between residues 80–100 (Figure 7).43–46

Tryptophan 94, therefore, lies in a region of the
protein that could be structured to some extent in
the denatured state. The data are consistent with the
presence either of helical structure in the region of
W94 or some form of hydrophobic collapse about
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tryptophan 94. The absence of increased fluor-
escence in the starting state in W94F is consistent
either with structure still being present in the
unfolded state (in this case we have simply
removed the fluorophore that reports on its pre-
sence) or with mutation of tryptophan 94 to
phenylalanine causing the structure to be lost. It is
not necessary to distinguish between these possibi-
lities, as both imply that the residues around W94
are structured at the start of the kinetic traces.
Comparison of domains

In addition to similar thermodynamic stability, the
position of the transition state for folding in water is
similar in all three proteins, with the Tanford b-
values being in the region of 0.6. However, there is a
remarkable difference in folding rates for these three
domains. At 2 M urea (chosen to be well out of the
transition region for all proteins, and only a small
extrapolation from measured results for R15) the
folding rate constants are 1000 sK1, 3 sK1 and 0.2 sK1

for R15, R16 and R17, respectively, thus the folding
rates show a 5000-fold variation, with unfolding
rates showing a similar range. This is remarkable,
given the similar thermodynamic stability and 30%
sequence identity (Table 1). In immunoglobulin
domains, where the largest variation in folding
rates has been observed, the folding rate is strongly
dependent on stability.47,48 A three-orders of magni-
tude difference in folding rates has also been
observed for acylphosphatase and the homologous
activationdomain of procarboxipeptidaseA2. In this
case, however, the proteins are far more distantly
related, beingmembers of different superfamilies (as
defined in SCOP) having a significantly lower
(w13%) sequence identity, much more different
structures and different contact orders.49

Baker and co-workers have demonstrated a
correlation between relative contact order (RCO)
and folding rate for a number of two-state
proteins.1,50 Whilst results from families of
homologous proteins and mutant proteins show
that topological parameters alone are not sufficient
to predict folding rate exactly, it is clear that
topology does play an important role. The RCO of
R16 and R17 can be estimated from the appropriate
region of the R1617 crystal structure,17 or in the case
of R16 from the NMR structure,11 yielding similar
values. The structure of R15 has not been deter-
mined, but given the similar m-values and identical
length of all three proteins it is not unreasonable to
assume that R15 has the same RCO as R16 and R17.
Interestingly, the rate constant for R15 extrapolated
using a two-state model (60,000 sK1) is close to that
predicted using the relation between folding rate
and RCO presented by Baker and co-workers. The
RCO calculated from the structure of R16 is 8.3%,
predicting a value for kH2O

f of around 30,000 sK1.
This suggests that we should perhaps raise the
question: why do R16 and R17 fold so slowly?

One of the challenges in protein folding is to try to
explain how such large changes in folding rates of
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related proteins with similar thermodynamic prop-
erties can occur. For the spectrin domains, one of the
contributing factors to the difference observed in
folding rate may be the extent and/or location of
residual structure in the denatured state. In the case
of R16 we propose that residual (possibly helical)
structure exists as far as the transition region. At
least some of this structure exists in the region of
tryptophan 94, allowing the residual structure to be
detected using fluorescence measurements. The
helical propensity for each of the proteins, predicted
using AGADIR,43 is shown in Figure 7. Both R16
and R17 have helical propensity above 10% in part
of helix C. We cannot rule out the existence of
residual structure in R17; where any residual
structure is not in the region of a fluorophore it
would not be detectable by fluorescence spec-
troscopy. Unfortunately CD amplitude measure-
ments are not sensitive enough to detect this
amount of structure. We would be looking for, at
most, 30% helical structure in 10% of residues;
given the error in determining real time zero and
the noise in the kinetic traces, the change in
amplitude expected is less than our experimental
error. In contrast, R15 has no significant helical
propensity in the C-helix, instead showing a
propensity of up to 20% for residues 22 to 27 in
helix A.

For helical proteins in particular, the faster
folding proteins are often those with either residual
helical structure, or a very high helical propensity
(reviewed by Friel et al.51). In spectrin domains,
intriguingly, the fastest folding domain has the
lowest predicted helical propensity.43
Conclusions

As has been seen with many other families,
properties such as folding rates and the presence/
population of intermediate species are not
conserved within members of the family.4 For
example, the family of all a-helical bacterial
immunity (Im) proteins, studied by the Radford
group, where at 10 8C in a pH 7.0 buffer Im9 is two-
state, but Im7 populates a folding intermediate.52

For spectrin domains, a remarkable variation in
folding rate is seen and we have evidence for
complexity in the folding landscape. In R16, we
have evidence that residual structure exists as far as
the transition region and there is clearly significant
curvature in the unfolding arm of the chevron.
There is also some curvature in the unfolding arm
of the R15 chevron at 10 8C, whilst the R17 chevron
is linear in the range 0 to 8 M urea with only a small
deviation from linearity above this urea concen-
tration. The differences in folding rate, degree of
curvature and conditions under which curvature is
seen indicate differing degrees of “ruggedness” in
the energy landscape of spectrin domains.

However, this does not mean that there are no
similarities in the folding pathway. For example, the
immunoglobulin-like (Ig-like) domain titin I27
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populates an intermediate species and unfolds via
parallel pathways at high denaturant concentra-
tions,53,54 whereas an Ig-like domain from tenascin
does not populate an intermediate species.55,56

Despite these differences, the folding nucleus
shows a high level of similarity in these proteins
and other members of the same fold.47,53,56,57

Although the results presented indicate differences
in the folding landscape of these domains, the
folding pathways may still be similar.

In the accompanying paper6 we present a
complete protein engineering analysis of R16, a
first step in comparing the folding pathways in
detail.
Materials and Methods
Protein expression and purification

MacDonald and co-workers previously described the
phasing of R16 and R17.14 The R15 sequence was aligned
with the R16 and R17 sequences, allowing suitable
phasing to be determined. The constructs used in this
work consist of the 106 residues defining the domains
plus an additional four amino acid residues (natural
sequence) at the N terminus and six amino acid residues
at the C terminus. Synthetic genes for R15, R16 and R17
were obtained from overlapping primers using standard
PCR techniques and inserted into a modified version of
the pRSETA vector that encodes an N-terminal histidine
tag with a thrombin cleavage site between the tag and the
protein. Site-directed mutagenesis of R16 was performed
using the Quick Change kit from Stratagene and the
identity of the mutants confirmed by DNA sequencing
and mass spectrometry.
Protein expression was carried out in Escherichia coli

C41 cells58 with the transformed cells grown to an
absorbance at 600 nm of 0.4–0.6 at 37 8C before induction
and growth overnight at 28 8C. The harvested cells were
lysed by sonication and the protein purified from the
soluble fraction after centrifugation by affinity chroma-
tography on Ni2C-agarose resin. The bound protein was
cleaved from the resin with thrombin and further purified
by gel-filtration using a Pharmacia Biotech Superdex 75
column. R17 was stored in 5 mM DTT. Where not used
immediately proteins were concentrated to approxi-
mately 100 mM using a Sartorius Vivaspin concentrator,
flash-frozen and stored at K80 8C.
Stability

The stability of mutant and wild-type proteins was
determined using urea-induced equilibrium denatura-
tion, followed by fluorescence using an Aminco Bowman
series 2 spectrometer or by CD using a JASCO J720
circular dichroism spectropolarimeter. In the fluorescence
studies protein concentration was 1–2 mM, and the
excitation wavelength 280 nm. The emission wavelength
in fluorescence studies was 350 nm for all except W21F,
where 320 nm was used. In the CD studies, protein
concentration was 4 mM.All experiments were carried out
in 50 mM sodium phosphate buffer at pH 7.0. The data
were fitted to a two-state transition as described.59
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Kinetics

Single and sequential mixing kinetic experiments
monitoring fluorescence change were carried out using
an Applied Photophysics SX.18MV stopped-flow
fluorimeter. An excitation wavelength of 280 nm was
used with a 320 nm cut-off filter for R15 and R16, and a
335 nm cut-off filter for R17. The final protein concen-
tration in a typical fluorescence experiment was 1–2 mM.
Rate constants for R15 were measured using a 5 ml cell,
which gives a shorter dead-time than the 20 ml cell.
Kinetics monitored using CD were measured using an
Applied Photophysics P*-180 instrument, with a final
protein concentration of 3–4 mM. In both cases the
stopped-flow apparatus was maintained at a temperature
of 25(G0.1) 8C. Between ten and 15 traces were averaged
for typical measurements; however, at least 20 traces were
averaged when measuring the CD profile of the unfolded
species in buffer. Kinetic traces from single mixing
experiments were analysed using Kaleidagraph (Synergy
Software) and ProFit (Quantumsoft). Those from
sequential mixing were fitted globally with shared rate
constants using Prism (GraphPad Software). All rate
constants were independent of protein concentration
under the conditions of the experiment.
The variation of the logarithm of the observed rate

constant with concentration of urea for R16 were analysed
using both a sequential transition state model25,42 and a
broad, smooth, transition state model;28,39–41 this will be
described in detail elsewhere.
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