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Complex Folding Kinetics of a Multidomain Protein

Sarah Batey, Kathryn A. Scott, and Jane Clarke
Department of Chemistry, MRC Centre for Protein Engineering, University of Cambridge, Cambridge CB2 1EW, United Kingdom

ABSTRACT Spectrin domains are three-helix bundles, commonly found in large tandem arrays. Equilibrium studies have
shown that spectrin domains are significantly stabilized by their neighbors. In this work we show that domain:domain inter-
actions can also have profound effects on their kinetic behavior. We have studied the folding of a tandem pair of spectrin
domains (R1617) using a combination of single- and double-jump stopped flow experiments (monitoring folding by both circular
dichroism and fluorescence). Mutant proteins were also used to investigate the complex folding kinetics. We find that, although
the domains fold and unfold individually, there is a single rate-determining step for both folding and unfolding of the protein. This
is consistent with the equilibrium observation of cooperative folding of the entire two-domain protein. The results may have
important biological implications. Not only will the protein fold more efficiently during cotranslational folding, but the ability of the
multidomain protein to withstand thermal unfolding in the cell will be dramatically increased. This study suggests that caution
has to be exercised when extrapolating from single domains to larger proteins with a number of independently folding modules

arranged in tandem. The multidomain protein spectrin is certainly more than “the sum of its parts”.

INTRODUCTION

Around 70%—80% of all proteins in eukaryotic cells are
multimodular, consisting of arrays of independently folding
domains (1). The general strategy employed to investigate
the folding of these proteins is to study the constituent
domains independently. However, the relevance of these
studies to understanding the properties of the proteins as a
whole will depend on whether the stability or the folding
pathway change when a domain is attached to its neighbors.

One domain commonly found in tandem array is the
a-helical spectrin repeat. These are 106-residue three helix
coiled-coil domains (2-6). The individual domains can fold
to a stable native structure (6). However, tandem repeats are
more stable than the individual domains (7). Crystal struc-
tures of multiple repeats show there to be a continuous
helical linker between domains (8,9). The linker extends
from the last helix of the first domain to the first helix of the
next domain. It has been suggested that the increase in
stability in the tandem constructs is due to the presence of
this linker (10).

We have studied the independent folding of two spectrin
domains, domains R16 and R17 of chicken brain a-spectrin
and the tandem pair R1617, which is more stable than either
domain alone and folds cooperatively in an all-or-none
fashion at equilibrium (11-13) (Fig. 1). Studies of a number
of mutant proteins established that, in R1617, the R17
domain is stabilized by the neighboring folded R16 domain
(by ~2.8 kcal molfl) and that the R16 domain in R1617
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is stabilized both by the folded (by ~2.3 kcal mol ') or
unfolded (by ~0.8 kcal mol ') R17 domain (13).

Here we investigate how inclusion in a tandem array af-
fects the folding kinetics of the individual domains. The
folding of R16 and R17 has previously been characterized
(11,14). Both fold by a two-state mechanism with the popu-
lation of a high-energy intermediate leading to curvature
in the unfolding arms of the chevron plot for wild-type R16
(12) and some mutants of R17 (K. Scott and J. Clarke, un-
published data). Here we describe the complex kinetics of the
folding of the tandem construct of spectrin domains, R1617.
We have used mutant proteins to assign all folding and
unfolding phases that are observable in single- and double-
jump stopped-flow experiments followed by both fluores-
cence and circular dichroism. We show that R1617 folds via
a stable intermediate that is not a species with one domain
folded and the other unfolded and that, although both folding
and unfolding occur in two steps, only one phase is observ-
able (at most denaturant concentrations) due to the relative
rates of the reactions. These results demonstrate that some
multidomain proteins are not a simple sum of their parts. The
fully folded spectrin protein is more stable both thermody-
namically and kinetically than the isolated domains.

MATERIALS AND METHODS
Protein expression and purification

The phasing of the R16 and R17 domains of spectrin that we have analyzed
in our laboratory have been described previously (9,12). They include the
entire 106-residue region considered to define the spectrin domain, plus
additional residues at either end. The R1617 construct was designed to
include all residues that are in the individual domains plus extensions (13).
Site directed mutagenesis was performed using a QuikChange kit from
Stratagene (La Jolla, CA). Proteins were purified as has already been de-
scribed (12). The purified proteins were dialyzed into water, flash frozen,
and stored at —80°C.
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Kinetics studies

Single- and double-jump kinetics experiments were carried out on an Applied
Photophysics (Leatherhead, UK) SX.18V stopped-flow fluorimeter. An
excitation wavelength of 280 nm was used for all spectrin individual and
tandem constructs. The change in fluorescence above 320 nm was monitored.
The final protein concentration for all fluorescence measurements was
~1 uM. The kinetics of R1617 were also followed by the change in CD signal
at 222 nm, using an Applied Photophysics 77# —180 instrument, with a final
protein concentration of ~5 uM. In both cases the temperature was
maintained at 25°C * 0.1°C and experiments were carried out in 50 mM
sodium phosphate buffer pH 7. Between 10 and 15 traces were averaged at
every urea concentration. The data from the single-jump experiments were
fitted using Kaleidagraph (Synergy Software, Reading, PA), and the data from
sequential mixing experiments were fitted using global values for the rate
constants with Prism (GraphPad, San Diego, CA). If individual traces were
fitted, the results were the same within error as the global fits.

RESULTS
Kinetic studies of R1617

The folding and unfolding of R1617 was followed by a
change in the fluorescence above 320 nm and the change in
CD signal at 222 nm. The rate constants observed by both
probes were the same within error (Fig. 2 A). The relative
amplitudes of the observed unfolding rates differ in CD and
fluorescence experiments.

Refolding of R1617 was initiated by denaturant dilution
and pH jump. The rates were the same within error for both
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FIGURE 1 Structure of the tandem domains R1617,
showing the continuous helix formed of the helix C from
R16 and helix A of R17. The A-helix of R16 is colored
blue and the C-helix of R17 is colored red. This structure
shows the position of the Trp residues that act as fluores-
cence probes. Pro60 is also shown. The N- and C-termini
are labeled.

methods. Refolding of R1617 was well described by a double
exponential process at all concentrations of urea. The faster
of the two rate constants is the major phase with 75%-90% of
the amplitude by both fluorescence and CD. The observed
refolding rate constants of both phases have nonlinear urea
dependences and are protein concentration independent at 0 M
urea (protein concentration range = 0.1-20 uM).

The unfolding of R1617 fits well to two exponential
processes above 6.5 M urea and to one exponential process
below 6.5 M urea. Both observed unfolding rates have a non-
linear urea dependence. The lower of the two rate constants
reflects the major phase when followed by fluorescence, with
~T70% of the amplitude. However, when using CD as the
probe, the two phases have approximately equal amplitudes.

Stopped-flow dead-time amplitude change in R1617

A plot of the start and end values of fluorescence and CD in
stopped-flow measurements can identify dead-time loss or
gain in signal, which, in turn, can indicate the presence of a
burst-phase species. R1617 shows an initial gain in fluores-
cence at low urea concentrations (Fig. 2 B). This is ac-
companied by a small (~10%) increase in CD signal at 222
nm (data not shown). This suggests that there is a collapsed
intermediate forming in the dead-time of the experiments.
The formation of the intermediate is associated with a small
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FIGURE 2 R1617 kinetics. (A) Rate constants for the folding of R1617. Data points measured by fluorescence are shown in closed symbols; data points
measured using CD at 222 nm are shown in open symbols. The major amplitudes are shown as circles and the minor amplitudes as squares. (B) R1617
fluorescence amplitudes; the initial (solid circles) and final (open squares) fluorescence measurements of kinetic traces are shown. The solid line represents an

extrapolation of the fluorescence of the denatured state to 0 M urea.
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increase in helical content and a change in the fluorescence
properties. A similar burst phase increase in the fluorescence
was also seen in the single domain R16 and has been attrib-
uted to the formation of a collapsed denatured state involving
burial of structure around Trp94 (14). In R16, however, there
was no accompanying rollover in the refolding kinetics.

Interrupted refolding experiments

Interrupted refolding experiments indicate that both refold-
ing phases result in the formation of the native protein.
Folding was initiated at 0 M urea, by pH jump, then in-
terrupted at various delay times by mixing to a final con-
centration of 6 M urea and the resulting kinetic trace
recorded. At all delay times the data were well described by a
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double exponential process with unfolding rate constants of
41s "and 0.73 57"

The rate constant of 0.73 s~ ' is in good agreement with
that of 0.8 s~ seen in single-jump unfolding experiments
under the same conditions and thus corresponds to the un-
folding of native R1617. The variation of the amplitude of
this rate with delay time (Fig. 3 A) also gives information
about whether just one or both of the refolding phases form
the native state. The rate of appearance fits well to a double
exponential process with rate constants of 2.6 s~ (with
~90% of the total amplitude) and 0.3 s~ (with ~10% of the
total amplitude). This is in good agreement with the refold-
ing rates at 0 M urea from single-jump experiments of 3.5 s~
and 1 s™', indicating that both refolding phases form the
native state.
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FIGURE 3 R1617 double-jump kinetic experiments. (A) The time course of the appearance of the two unfolding phases from interrupted refolding
experiments. The 41 s~ rate constant (solid circles) increases to a maximum amplitude at ~500 ms and then decreases to zero. The amplitude of the 0.73 s~
rate constant (open squares) appears with two apparent rate constants. (B) The urea dependence of the unfolding of the folding intermediate. The major (solid
circles) and minor (solid diamonds) phases from the single-jump kinetic experiments are shown. The unfolding rates from the interrupted refolding experiment
are shown in open triangles. (C) The time course of the appearance of the three refolding rates from interrupted unfolding experiments. The 82 s ' phase (solid
circles) builds up to a maximum amplitude at around 500 ms before decaying to an amplitude of zero. The major phase, 2.3 s~ (open squares), has an initial
lag (see inser). The minor, 0.8 s~', phase (open triangles) accumulates with an apparent rate constant of 0.05 s ', which is consistent with the rate of proline
isomerization in the denatured state. (D) The urea dependence of the folding of the unfolding intermediate. The major (solid circles) and minor (solid
diamonds) phases from the single-jump kinetic experiments are shown. The refolding rate constants from the interrupted unfolding experiment are shown in
open triangles. In double-jump experiments, the amplitudes are small so it is difficult to separate the two refolding phases observed in single jump.
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The amplitude associated with the 41 s™' rate constant
increases until a delay time of around 500 ms and then de-
creases toward zero at longer delay times. This is typical of
an intermediate species. Note that there is no apparent lag in
the buildup of the native species. This may suggest that the
folding intermediate is not obligatory; but if the lag time is
short, it may simply not be detectable.

To further explore the properties of this refolding inter-
mediate, the denaturant dependence of its unfolding was
studied. Unfolding rates were measured in the range 5.8-8.0
M urea and fit well to a double exponential process. The
slower of the two observed rate constants corresponds to the
major unfolding rate constant seen in single-jump experi-
ments and represents the unfolding of the native state (Fig.
3 B). The faster of the two observed rate constants, corre-
sponding to the unfolding of the intermediate species, is
~40 s~! and appears to show no urea dependence. Note
that the unfolding rates of the intermediate are significantly
faster than the unfolding of either R16 or R17 alone. We
infer that the intermediate is a collapsed unstable species and,
importantly, that it does not correspond to a species with
one complete domain folded.

Interrupted unfolding experiments

Interrupted unfolding experiments allow partially unfolded
states (intermediates) and cis-trans isomerization-limited
species to be observed. Folded R1617 was unfolded in 6 M
urea for a variety of delay times before refolding to a final
urea concentration of 1 M. Single-jump refolding experi-
ments at 1 M urea show two rate constants, 2.4 s"land1s7 ..

At short delay times (<2500 ms), two exponential pro-
cesses with rate constants of 82 s~ ' and 2.3 s~ were ob-
served. For longer delay times, two exponential processes
with rate constants of 2.3 s ' and 0.8 s were necessary to
fit the data. A plot of the amplitudes of these phases against
delay time is shown in Fig. 3 C.

The slowest of these rates is in good agreement with the
rate of 1 s~ seen for the slower of the two refolding phases.
This refolding phase appears at a rate of 0.05 s, consistent
with the rate of proline isomerization in the denatured state.
The intermediate rate constant is in good agreement with that
of the major folding phase seen in single-jump experiments.

The rate constant of 82 s~ ' builds up to a maximum am-
plitude at 500 ms after which it disappears to an amplitude
of zero. This is typical of an intermediate species. There is a
concomitant lag in the appearance of the amplitude of the
2 s~ ! phase (inset to Fig. 3 C) suggesting that the unfolding
intermediate is an obligatory on-pathway intermediate (15),
as the intermediate has to form before the fully unfolded state
can be reached.

To further explore the properties of this unfolding in-
termediate, the denaturant dependence of its folding was
studied in a series of interrupted unfolding experiments with
a delay time of 500 ms (corresponding to maximum
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accumulation of the intermediate). Kinetic traces were
measured in the range 1-3.5 M urea and were well described
by a double exponential process. A plot of the natural loga-
rithm of the observed folding rates is shown in Fig. 3 D. The
folding of the unfolding intermediate is fast and shows a
linear dependence on urea concentration. When extrapolated
to 0 M urea the k° is 1000 + 200 s~'. The second
refolding rate in the double-jump experiment appears to be
between the two rates observed in the single-jump experi-
ments, showing the difficulty in separating two rates that are
so similar, in particular where the amplitude of the second
phase is small.

Mutant studies: slow phase in refolding

Interrupted unfolding experiments indicate that the slower of
the two folding rates observed in single-jump refolding
reactions has the characteristics of a proline-limited folding
phase. To verify the assignment of this rate to a proline
isomerization-limited process, the single proline (P60 in the
R16 domain) was mutated to alanine. The folding of P60A
was followed by the change in the fluorescence above 320
nm. Two refolding rates are still observed, but the major rate
now has >95% of the amplitude, and the slower phase is
associated with <5% of the amplitude and is hard to fit due
to the very small amplitude (data not shown). The residual,
low amplitude, slow phase observable by fluorescence is
likely due to nonprolyl isomerization events (16). Wild-type
R16 was shown to exhibit two different isomerization-
limited events assigned to prolyl and nonprolyl isomerization
(12), and as is the case in R1617, the P60A mutant in R16
alone shows a slow refolding phase reduced in amplitude
from 15% to 4%. These data, along with the interrupted
unfolding experiments, are consistent with the assignment of
the slow phase in R1617 principally to a proline-limited
species, plus minor nonprolyl isomerization events.

Mutant studies: deconvoluting the
unfolding phases

The faster of the two unfolding rates, which only appears
above 6.5 M urea, accounts for ~30% of the total fluo-
rescence amplitude change but 50% of the total CD
amplitude change. This corresponds to the relative amplitude
observed for the unfolding of the R17 domain alone in the
equilibrium studies of R1617 (R17 has only one Trp,
whereas R16 has two). This suggests that the faster of the
unfolding rates can be attributed to the unfolding of R17. To
test this hypothesis the mutant W127F with the fluorescence
probe in R17 removed was constructed. The R17 domain in
W127F will be invisible to fluorescence measurements, but
CD experiments will follow the unfolding of both domains.

The unfolding of W127F had only one unfolding phase
when followed using fluorescence (Fig. 4). When followed
by CD there were two observable unfolding rate constants,

Biophysical Journal 90(6) 2120-2130
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FIGURE 4 The kinetics of the W127F mutant. Rate constants for the
folding of W127F. Data points measured by fluorescence are shown in open
symbols; data points measured using CD at 222 nm are shown in closed
symbols.

the slower of which was the same as the single observable
phase followed by fluorescence experiments.

The faster of the two unfolding rate constants, which is
only visible by CD, is clearly the unfolding of the R17
domain within the R1617 construct. When compared with
the faster unfolding phase in wild-type R1617, there is a
significant increase in the unfolding rate of the R17 domain
in the W127F mutant. This is consistent with the large
destabilization expected upon the mutation of tryptophan to
phenylalanine. (The same mutation in the R17 domain alone
results in fully unfolded protein, S. Batey and J. Clarke,
unpublished data.) The slow phase, unaffected by the
mutation, must reflect the unfolding of the R16 domain.

The refolding followed by fluorescence and CD produced
only two phases, i.e., no new ‘‘R17-only’’ phases were
observed in CD experiments. This is consistent with the
observation that both refolding phases reflect the refolding of
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the entire protein. The major folding rate was the faster of the
two and was ~80% of the total amplitude, as in wild type.

DISCUSSION
Comparison with the single domains

The chevrons of R1617 and R16 and R17 are shown in Fig. 5
A. (Note that the slow refolding phases of R16 and R1617,
which have been assigned to cis-trans isomerization-limited
folding events, have been omitted for clarity.) R1617 folds
more slowly at 0 M denaturant than either R16 or R17 alone.
Outside the rollover region (below ~2.5 M urea), R1617
folds at rates similar to those of R16 alone and significantly
faster than the folding rate of R17 (Fig. 5 A).

R1617 unfolds more slowly than either R16 or R17. At high
denaturant concentrations (>>7 M urea) the unfolding plot has a
similar slope to R16, and below 6.5 M urea the R1617 un-
folding kinetics have a similar denaturant dependence to R17.

Refolding kinetics

There are two refolding phases that report on the
folding of R1617 as a single unit

Refolding of R1617 shows two phases by both CD and
fluorescence, both of which show protein-concentration in-
dependent rollover. The obvious explanation for two refold-
ing phases in a two-domain protein would be that each phase
is reflecting the folding of an individual domain. However,
this can be ruled out because of the unique spectroscopic
properties of R1617. It has been shown that the fluorescence
amplitude change on folding of R16 is twice that of R17,
whereas the changes in CD amplitude are equal. In R1617,
fluorescence and CD have the same amplitude profiles, strong
evidence that both folding phases reflect the folding of the
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FIGURE 5 A comparison of the observed rate constants of R1617 to the individual domains R16 and R17. Proline isomerization phases have been omitted
for clarity. (A) Folding rate constants for wild-type R16 (solid diamonds), R17 (open circles), and R1617 (solid circles represent the major amplitude by
fluorescence and the open squares represent the minor amplitude by fluorescence). The R16 data are fitted to a three-state (high energy intermediate) equation;
the R17 data are fitted to a two-state equation. (B) Unfolding rate constants for R1617 (solid circles and solid diamonds) and W127F (open squares) (see text).

The solid lines are quadratic fits to guide the eye only.
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entire R1617 molecule. A second line of evidence comes
from the folding of the mutant W127F, a mutant that re-
moves the only Trp residue from the R17 domain in R1617.
In the folding kinetics both phases are still apparent by both
fluorescence and CD, i.e., both phases report on the folding
of the fluorescent R16 domain. Further, the CD and fluo-
rescence data coincide—there is no ‘‘extra’’ phase that reports
the folding of the R17 domain alone.

The minor, slower phase reflects proline isomerization
in the denatured state

There are two lines of evidence that suggest that this phase
reflects the refolding of molecules that are limited mainly by
prolyl cis-trans isomerization. Both interrupted unfolding
experiments and the data for the mutant P60A are consistent
with this hypothesis. Similar results have been observed for
R16 alone.

The folding intermediate is not a species with one domain
folded and the other unfolded

Kinetic studies of the individual domains show neither R16
nor R17 has a stable refolding intermediate, yet there is clear
rollover in the refolding of R1617. Rollover in folding
kinetics is evidence that a folding intermediate is formed in
the dead-time of the stopped-flow experiment.

What is the nature of this intermediate? One obvious
hypothesis is that this intermediate represents an R1617 mol-
ecule with one domain (either R16 or R17) folded. To check
this possibility we examined the interrupted refolding of
R1617. The protein was jumped from unfolding conditions
into refolding conditions (at 1 M, where I is populated) for a
short time and then unfolded, and the data examined to find
the unfolding rate constant for I. If the intermediate were
indeed a species with one domain folded, then we would ex-
pect to see it unfolding at a rate characteristic of the unfolding
of R16 or R17. This is not what we see. A fast rate constant is
seen at short refolding times, which represents the unfolding
of I, but at rates that are significantly faster than the unfolding
of either domain alone. The rate of unfolding of the inter-
mediate at 6 M ureais 41 s~ compared to 2.4 s~ for R16 and
3.6 s~! for R17. I is apparently a kinetically unstable state,
which buries one or more Trp residues. Interestingly, the
rollover is reduced in the W127F mutant. This implies that
W127 is involved in this intermediate. Of a selection of 18
further mutants, the only proteins that show a reduction in the
rollover were those from the connecting helix (L97A, R104A,
F117L, A126G, W127F, and 1128V found in the helix C of
R16 and helix A of R17) (see, for example, Fig. 6). This in-
dicates that the intermediate has some degree of structure/
collapse in this region.

Unfolding kinetics

It is most straightforward to consider the unfolding kinetics
in two sections: first, the unfolding at high denaturant
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FIGURE 6 Representative chevrons for mutants in R1617. Mutants in the
connecting helix (helix C of R16 and helix A of R17) lead to a reduction in
rollover, an example of such a protein is 1128V, shown in open diamonds.
Mutations outside of the linker region do not affect the degree of rollover, an
example of such a protein is L51A shown in open circles. The wild-type data
are shown in solid circles.

concentrations and second, the unfolding at lower denaturant
concentrations. Fig. 5 A shows the rates of the observed
unfolding phases of R1617 compared to the unfolding
phases of the individual domains R16 and R17.

High denaturant concentrations (=6.5 M urea)

At high denaturant concentrations there are two unfolding
phases, observable by both CD and fluorescence. In fluo-
rescence measurements the slower phase is associated with a
larger amplitude change than the fast phase, but in CD both
phases have approximately the same amplitude. The com-
parison of the fluorescence amplitudes would infer that the
faster phase represents the unfolding of the R17 domain, and
the slower phase the unfolding of the R16 domain. To con-
firm this, the unfolding of the W127F mutant was examined.
In this case only one unfolding phase was observed by fluo-
rescence, corresponding exactly to the slower phase in the
wild type at denaturant concentrations above 6.5 M. CD
reveals an additional, much faster unfolding phase, which
must correspond to the unfolding of the R17 domain. Thus
the faster of the two unfolding phases that we observe in
wild-type R1617 at high urea concentration reflects the
unfolding of the R17 domain.

Low denaturant concentrations (=5.5 M urea)

At lower denaturant concentrations, in R1617 wild type,
only one unfolding phase can be observed. This unfolding
rate is slower than the unfolding of R16 or R17 alone and,
importantly, is slower than the unfolding of the R16 domain
in the W127F mutant of R1617 (Fig. 5 B). We infer that the
unfolding rate constant observed at low denaturant concen-
trations must reflect the unfolding of the wild-type R17
domain in R1617 and not the unfolding of the R16 domain.

Biophysical Journal 90(6) 2120-2130
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Unfolding proceeds via an intermediate that is a species with
the R16 domain folded and the R17 domain unfolded

The faster unfolding phase at concentrations of urea greater
than 6.5 M represents the unfolding of the R17 domain. In the
interrupted unfolding experiments, where the protein was
unfolded at 7.5 M urea then refolded at 1.25 M, three refolding
phases were observed, including a fast refolding phase that
had not been previously detected in the single-jump exper-
iments. This refolding phase represents the refolding of an
intermediate with the R17 domain unfolded and the R16
domain folded. This refolding phase is significantly faster than
the refolding of R17 (46 s~ compared to the 1.6 s~ at 1.25 M
urea), reflecting the fact that R17 is stabilized by folded R16
(13). In these interrupted unfolding experiments the fast R17-
only phase appeared and then disappeared, and the two slower
“true’’ refolding phases appeared with a lag, reflecting the
disappearance of the R17-unfolded intermediate. This shows
that the partially folded species with an unfolded R17 domain
is an obligatory on-pathway intermediate. Importantly, the
unfolding intermediate is present at all concentrations of urea;
we still observe this intermediate species at 6 M urea where
there is only one unfolding rate observed.

Making sense of the unfolding phases

The unfolding of R16 in the presence of unfolded R17 is
monitored by the fluorescence phase of the unfolding of
W127F. When we plot these data along with the wild-type
data, it is clear that the WI127F and wild-type data are
identical above 6.5 M urea (Fig. 5 B); i.e., the slower phase at
high concentrations of urea represents the unfolding of R16
in R1617 (in the presence of unfolded R17). However, at
concentrations below 6.5 M, the unfolding of the R16
domain (as observed in W127F) is faster than the single
unfolding phase observed for R1617 wild type. We infer that
the single unfolding phase observed at low urea concentra-
tions for R1617 wild type is monitoring the unfolding of the
R17 domain in the presence of folded R16. Note that this
phase is continuous with the fast unfolding phase (Fig. 5 B).

At high urea concentrations the unfolding of R17 (with
R16 folded) is faster than the subsequent unfolding of R16.
Thus we see two kinetic phases. At lower urea concentra-
tions, however, the unfolding of R16 (once R17 has unfolded)
is faster and is thus kinetically silent in the experiments.

Model for the folding kinetics of R1617

In this model we consider the folding behavior of R1617 in
four regions of the chevron separately. A plot of all the ob-
served rate constants in R1617, except for the proline phases,
from single- and double-jump experiments as well as the rate
constants from R16 and R17 are shown in Fig. 7. The figure
is divided into the four separate regions considered in this
model.
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FIGURE 7 The kinetics for the folding of R16, R17, and R1617. The
major folding phase of the individual domains of R16 (solid line) and R17
(dashed line) are shown. The major phase of R1617 (solid circles), the minor
unfolding phase (open squares), and the folding of the unfolding interme-
diate (open circles) are shown. The plot is divided into four sections as
discussed in the text.

Region A: folding kinetics at low urea, <2.5 M

In this region there is a rapid collapse, or preequilibrium,
between the denatured state, D, and the folding intermediate,
I;. The formation of I; slows the refolding rate, as under
these conditions I; is more stable than D. The rapid pre-
equilibrium between I; and D may be on- or off-pathway; we
cannot distinguish these alternatives.

Region B: folding kinetics at >2.5M urea

In this region, R1617 folds at a rate approaching that of the
individual R16 domain. The folding rate of R16 is ~10-fold
faster than that of R17, so R16 folds first to form a second
intermediate I,. This is the intermediate detected in the in-
terrupted unfolding experiments, a species with R17 unfolded
and R16 folded. Once the R16 domain is folded, the folding
rate of the R17 domain is significantly increased due to the
stabilizing effect of folded R16. The R17 domain now folds
rapidly, at a rate much greater than the folding of R16. This
second, fast step cannot be observed in the single-jump ex-
periments. Folding is a two-step process, but we only observe
the folding of the R16 domain since this is the rate-limiting
step; the second step, the folding of R17, is kinetically silent.

Region C: unfolding kinetics at urea concentrations <5.5 M

In this region there is only one observable unfolding rate
constant, which is slower than that of either of the individual
domains. R17 is unfolding first; the interrupted unfolding
experiments indicate that the intermediate with R17 unfolded
forms before any fully unfolded molecules. Presumably the
rate of unfolding of R16 domains with folded R17 domains
is significantly slower, since we can never detect molecules
with unfolded R16 and folded R17 domains. Once R17 has
unfolded, the stability that folded R17 confers on R16 is lost
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and now R16 unfolds at a rate faster than that of R17. The
fast step cannot be observed in the wild-type protein; again
the unfolding is a two-step process but the second, faster
phase is kinetically silent.

Region D: unfolding kinetics at high urea
concentrations, >5.5 M

In this region there are two observable unfolding phases, the
faster of which corresponds to the unfolding of R17. The rate
constant and m-value of this phase approach that of the
individual domain of R17, but is slightly lower. The presence
of a neighboring folded R16 domain stabilizes the R17
domain. The slower phase corresponds to the unfolding of
R16 in the presence of unfolded R17. In these conditions the
faster unfolding of R17 precedes the slow unfolding of R16,
so both kinetic rates are observable. Interestingly, R16, with
unfolded R17 attached, also unfolds more slowly than R16
alone. This reflects the fact that R16 is stabilized by unfolded
R17 (13). A schematic representation of the folding and
unfolding pathways of R1617 is shown in Fig. 8.

A chevron plot can be constructed that shows the kinetics
of R16 within R1617 in the presence of unfolded R17. The
folding rate constant is the major phase from regions A and B
of the wild-type, and the unfolding data are the W127F un-
folding rate constants combined with the wild-type data for
the slower unfolding rate in region D (Fig. 9 A). Compared to
R16 alone, the folding is slightly slower but the unfolding is
significantly slower. We have previously demonstrated that
R16 is stabilized by unfolded R17 (13), and it appears that
this stabilization results largely from a decrease in the un-
folding rate constant. As has been seen in wild-type R16, there
is curvature in the unfolding data. We have shown that this is
consistent with a folding pathway that proceeds via a high-
energy kinetic intermediate (11). The R16 data from R1617
were, therefore, fitted to a four-state equation that accounts for
a rapid preequilibrium between D and I; plus a high-energy
intermediate (note that this fit assumes I is on-pathway, which
has not been confirmed). This gives folding and unfolding rate
constants in water and an estimate for the stability of I; (~2.6
kecal mol™") (Table 1). R16 is significantly stabilized by folded
R17. Since we have not been able to observe the unfolding of
R16 in the presence of folded R17 (even in mutants with a
destabilized R16 domain, S. Batey and J. Clarke, unpublished
data) we can assume that this stabilization comes, at least in
part, from significant slowing of the unfolding rate.

&y KR16 KR17
ol 22 gt < iy <
KRI6 KR17
u u
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A chevron can also be plotted for the kinetics of R17
within R1617. In this case the species that is folding and
unfolding is I,; the R17 domain is folding and unfolding in
the presence of folded R16. The folding data are those from
the interrupted unfolding experiments. The unfolding data
are the wild-type unfolding data from region C and the fast
unfolding rate constants from region D of the wild-type chev-
ron (Fig. 9 B). Compared to R17 domain alone, R17 folds
significantly faster and unfolds more slowly; i.e., the sig-
nificant stabilization of R17 by folded R16 can be attributed
to both an increase in the folding rate and a decrease in the
unfolding rate. These data have been fit to a system with two
rate-limiting transition states separated by a high energy inter-
mediate to account for the curvature in the unfolding arm
(Fig. 9 B and Table 1). This was not necessary for R17 wild
type, but a number of R17 mutants showed significant cur-
vature in the unfolding arms of their chevrons (K. A. Scott and
J. Clarke, unpublished data). Note that the stability of R17 is
unaffected by the presence of unfolded R16, suggesting that
its folding and unfolding rates are likely to be unaffected (13).

The effect of domain:domain interactions in R1617

The equilibrium and kinetic data both show that there are
stabilizing interdomain effects in the tandem construct R1617.
Both domains in the tandem construct are stabilized relative
to the individual domains. The kinetics are somewhat com-
plex at first glance. Between 0 M denaturant and ~6.5 M
denaturant (if we ignore cis-frans isomerization phases), we
can observe only a single folding and unfolding rate constant
for formation of R1617 although the two domains fold
individually. This reflects the fact that there is a single rate-
determining step for the folding and unfolding of R1617. For
both folding and unfolding, the first step is a slow step and
this is followed by a second rapid step. This is consistent
with our equilibrium data, which suggested that folding is a
cooperative all-or-none event.

Equilibrium data suggested that R16 was stabilized by
~0.8 kcal mol ™' (0.2 kcal mol ") by unfolded R17. This is
the same, within error, as our estimate from the Kinetic data
(1.2 * 0.3 kcal mol™"). However, we suggested using the
equilibrium data that R17 was stabilized by ~2.8 kcal mol
(= 0.2 kcal mol ") by folded R16 in R1617, but the kinetic
data suggest the stabilization is larger (~4 = 0.4 kcal
mol ™). This is likely to reflect the complexities of fitting the

FIGURE 8 A schematic representation of the folding
pathway of R1617. The first step on the folding pathway is
the rapid (dead-time) formation of an unstable intermediate
(I;). The R16 domain then folds to form I,. Finally, the
N R17 domain folds. The first folding step (kR'°) is slower

than the second step (kR'7); therefore, only the folding of

R16 R17

R16 in the presence of unfolded R17 can be observed in the single-jump experiments. The first step on the unfolding pathway is the formation of an
intermediate with R17 unfolded and R16 folded (I,). R16 then unfolds. Above 6.5 M urea the unfolding of R17 (k}7) is faster than the unfolding of R16 (kX!6),
so both phases can be observed. Below 6.5 M urea, kX1 > kR17 and so the only observable unfolding phase is that of R17 in the presence of folded R16.

Biophysical Journal 90(6) 2120-2130



2128 Batey et al.

TY

gl la i b bl a s b b b b

¢} 1 2 3 4 5 6 7 8
[urea] (M)

[urea] (M)

FIGURE 9 The folding of R16 and R17 within R1617. (A) Rate constants for the folding of R16 (open circles) and the rate constants for the folding of R16
within R1617 (solid circles). The data for R16 in R1617 are in the presence of unfolded R17 and are taken from the major folding rate from the single-jump
experiments, the W127F unfolding rates by fluorescence and the slower of the two unfolding rates from R1617 wild-type above 6.5 M urea. (B) Rate constants
for the folding of R17 (open circles) and the folding rates of R17 within R1617 (solid circles) are shown. The data for R17 in R1617 are in the presence of
folded R16 and are taken from the folding of the unfolding intermediate of wild-type R1617, the unfolding rate of R1617 wild type below 6.5 M urea, and the

faster unfolding rate above 6.5 M urea. See Table 1 for details of the fits.

chevron (with uncertainties from the fit, and the long extrap-
olation to 0 M for the unfolding rate constant). Thus, although
we cannot be absolutely certain of the magnitude of the
stabilization, the kinetic and equilibrium data are entirely
consistent.

Forced unfolding

There are two folding/unfolding regimes that all proteins in
the cell will experience. The first is cotranslational folding as
the protein is synthesized (17). The second is the thermal
unfolding and refolding events that occur naturally without
external denaturants during the protein’s lifetime. In the case
of proteins that experience force in the cell, there is a third
regime: unfolding induced by the addition of a denaturant
in the form of an externally applied force. Spectrin, as a
constituent of the cytoskeleton, is likely to experience force,
and atomic force microscopy experiments have shown that
spectrin domains unfold at relatively low forces (18,19). If a

spectrin domain unfolds due to mechanical stress, our data
suggest it will recover (refold) more rapidly in the presence
of folded neighboring domains once the force is released.
Our data cannot, however, be used to infer that the forced
unfolding of spectrin domains will be slowed by folded
neighbors, even though there is experimental evidence for
cooperative unfolding in some spectrin domains (18,20),
since we have no information as to whether the forced un-
folding pathway is the same as that observed in the absence
of force. Indeed, there is evidence for other proteins to
suggest that the mechanical unfolding pathway (the pathway
sampled in the presence of an external force) may not be
the same as that sampled in chemical denaturation studies
(21,22), and kinetic unfolding rate constants are a poor
predictor of mechanical stability (23,24). Moreover, simu-
lations of mechanical and thermal unfolding of spectrin
domains have suggested that the unfolding pathways are
“very different’’ (25). We are currently undertaking some
experiments to specifically address this question.

TABLE 1 Kinetic properties of R16, R17, and R1617

Protein K20 (s7h KO (571 Kur AGK (kcal mol™")
R16% 125 (% 3) 2.6 X 1073 (£3 X 1074 - 6.3 (= 0.3)
R17 30 (+ 2) 4.0 X 107* (3 X 107%) - 6.6 (+ 0.3)
R16 (R1617)} 42 (+02) 92 X 107* (1.8 X 107%) 85 (£30) 7.5 (= 0.3)
R17 (R1617)* 1000 (* 200) 1.3 X 1075 (+5.8 X 1079 - 10.8 (+ 0.4)

Data for R16 and R17 are taken from Scott et al. (12). The errors are from the errors of the fits. Note that the true error in the estimate of kinetic values of AG

are likely to be higher.

*Values from a fit to a sequential transition state model. Note that the values obtained from a fit to a broad transition state are the same within error.
TR16 in the presence of unfolded R17. The data are fit using a four-state model assuming an on-pathway preequilibrium between D and I and with a high
energy intermediate (sequential transition state model) to account for curvature in the unfolding arm.

*R17 in the presence of folded R16. The data are fit using a two-state model in the region of 0 M urea to 5 M urea where no curvature was observed.
Although it would be preferable, the data could not be accurately fitted to a three-state fit assuming a high energy intermediate (sequential transition state

model) to account for curvature in the unfolding arm.
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CONCLUSION

There have been few studies of the kinetics of folding of
multidomain proteins in which each domain can fold in-
dependently (26-33). In the muscle protein titin, the immu-
noglobulin domains are essentially independent of each other;
neighboring domains have no effect on either the stability or
the kinetics (27). In contrast, domain:domain interactions in
the a-helical spectrin repeats not only stabilize each other but
have profound effects on their kinetic behavior. This may
have important biological implications.

InR1617, the N-terminal R16 domain, once folded, signif-
icantly speeds the folding of the subsequent domain. If this is
a common effect, then this may be of significance during
folding of spectrin as it is synthesized in the cell. Cotrans-
lational folding of multiple domain proteins is thought to
provide a first line of defense against misfolding in the cell
(17). The catalyzed folding of downstream domains may
also be important. Sanchez et al. (28) have recently sug-
gested that ‘‘Rapid structure formation in the N-terminal
domain (of the capsid protein of the Semliki Forest virus)
might provide a template for efficient and rapid formation
of the complete three-dimensional structure’’. It is not clear
from our results whether there is a specific structural *‘tem-
plate’’ effect in spectrin domains. Further investigation will be
needed to establish whether and how the pathway of folding is
affected by domain:domain interactions.

Kinetic stability (maintaining the folded structure) is
important for a protein to function in vivo. Once folded, the
effect of domain:domain interactions is to slow the unfolding
of the protein significantly. The R17 domain unfolds ~2
orders of magnitude more slowly when in tandem with R16.
The effect of this on the half-life is dramatic. The half-life of
R17 alone is ~30 min. In R1617 the half-life of the R17
domain is extended to ~15 h. (The lifetime of a human red
blood cell is estimated to be ~120 days, although it may be
less in birds.) We have also established that the R16 domain
must also unfold significantly more slowly when attached to
R17. Again, if these results are typical of spectrin domains and
if each domain is stabilized by both its N- and C-terminal
neighbors, it is clear that the ability of the protein to withstand
thermal unfolding in the cell will be dramatically increased.

This study shows that caution has to be exercised when
extrapolating from single domain proteins to larger multi-
domain proteins with a number of independently folding
modules arranged in tandem. Unlike titin, spectrin is certainly
more than ‘‘the sum of its parts’’.
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