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The folding mechanism of the B-sheet protein CspA, the major cold shock protein of Escherichia
coli, was previously reported to be a concerted, two-state process. We have reexamined the
folding of CspA using multiple spectroscopic probes of the equilibrium transition and laser-
induced temperature jump ( 7-jump) to achieve better time resolution of the kinetics. Equilibrium
temperature-dependent Fourier transform infrared (1634 cm1) and tryptophan fluorescence
measurements reveal probe-dependent thermal transitions with midpoints (7,,) of 66 £ 1 and 61 £
1 °C, respectively. Singular-value decomposition analysis with global fitting of the temperature-
dependent infrared (IR) difference spectra reveals two spectral components with distinct melting
transitions with different midpoints. 7-Jump relaxation measurements of CspA probed by IR and
fluorescence spectroscopy show probe-dependent multiexponential kinetics characteristic of non-
two-state folding. The frequency-dependent IR transients all show biphasic relaxation with
average time constants of 50 + 7 and 225 + 25 us ata 7¢ of 77 °C and almost equal amplitudes.
Similar biphasic kinetics are observed using Trp fluorescence of the wild-type protein and the
Y42W and T68W mutants, with comparable lifetimes. All of these observations support a model
for the folding of CspA through a compact intermediate state. The transient IR and fluorescence
spectra are consistent with a diffuse intermediate having S-turns and substantial S-sheet structure.
The loop B3—p4 structure is likely not folded in the intermediate state, allowing substantial solvent
penetration into the barrel structure.

Concerted, two-state folding without populating intermediate states, either in an equilibrium
or in a kinetic sense, is a remarkable feature of many small single-domain proteins.1:2
Apparently, these proteins fold in a highly cooperative process through a single high-energy

© XXXX American Chemical Society
"Corresponding Authorbriandyer@emory.edu. Phone: (404) 727-6637..
The authors declare no competing financial interest.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Vu et al.

Page 2

transition state ensemble of structures.33-Sheet proteins, however, do not usually fold with a
two-state mechanism, perhaps because of their topological complexity and high contact
order (the average separation in sequence between residues that are in contact in the native
state). In many cases, intermediates are observed; for example, hydrophobic collapse is
often the first step, followed by a slower conformational search to establish the long-range
(in sequence space) contacts that make up the native state.5—2 Several groups have postulated
that S-turns form early and facilitate the conformational search by establishing the proper
registry of the strands.10-13 Recent work demonstrates that A-turns can form very rapidly, as
fast as helices, and therefore can kinetically support the slower processes of S-strand registry
search and sheet formation,14-16

Further support for this idea comes from the recent demonstration that the Trpzip S-hairpin
folds through a transition state having a turn H-bond but not the cross-strand H-bonds. This
study used a promising new approach to probe the influence of H-bonding strength on
folding dynamics based on oxoamide-to-thioamide mutations.1” In the case of simple, two-
state folding B-sheet proteins such as the src SH3 domain, protein L, and protein G, ¢-value
analysis has indicated the presence of a B-turn structure in the transition state
ensemble.1218-20 For Jarger proteins with more complex topologies, however, there is no
direct evidence that S-turns form early in the folding process. Another mechanism for
nucleating S-sheet formation may be the formation of specific hydrophobic side chain
interactions that establish the strand registry.2: These mechanisms are not exclusive, and
both are likely important for some proteins. Understanding how S-sheet proteins fold
requires further work to clarify these issues.

In contrast to the complex folding behavior observed for many S-sheet proteins, the major
cold shock protein CspB of Bacillus subtilis was discovered to fold within milliseconds in a
concerted, two-state manner.22 Subsequently, the closely related cold shock protein CspA of
Escherichia coli was also proposed to fold by an apparent two-state mechanism via a
compact transition state ensemble.23:24 These proteins are often cited as prototypical two-
state folders, and they feature prominently in various attempts to correlate the folding rates
of two-state systems with topology or other variables.2:2 CspA is an ideal model protein for
the study of B-sheet formation because of its relative simplicity and fast folding rate. Its
structure has been determined by both X-ray crystallography and nuclear magnetic
resonance (NMR) spectroscopy.?>=27 It is constructed of five B-strands arranged in an
antiparallel barrel structure (Figure 1). It has a large, solvent-exposed cluster of aromatic
amino acids that have been shown to be important for stability and nucleic acid binding
function.28-31 NMR relaxation data for £, coli CspA suggest that Trp11 and the loop 53-54
region are highly flexible with internal motions ranging from subnanosecond to millisecond
time scales, which may also play a role in the nucleic acid binding function.2”:32 The folding
thermodynamics and kinetics of CspA have been examined previously using a variety of
spectroscopic techniques with thermal and chemical denaturation methods and native state
hydrogen exchange.23:33 The folding and unfolding kinetics of CspA, as measured by
stopped-flow fluorescence spectroscopy at 25 °C, have been modeled by single-exponential
kinetics, yielding folding and unfolding rates of ~200 and ~4 s~1, respectively.
Subsequently, temperature-jump ( 7-jump) IR kinetics measurements with much better time
resolution than the stopped-flow experiments revealed multiexponential kinetics
characteristic of a non-two-state folding mechanism.34 Further evidence of non-two-state
behavior was found in NMR measurements of hydrogen—deuterium exchange protection
rates that are fast for residues within strands 2 and 3, suggesting the formation of an early
intermediate having a hairpin turn between these two S-strands.33 These results suggest that
a reexamination of the putative two-state mechanism for CspA is warranted.
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In this study, the kinetics of folding and unfolding of wild-type (WT) E. coli CspA (Figure
1) and two CspA tryptophan (Trp) variants (Y42W and T68W) are measured using 7-jump
relaxation spectroscopy. The structural changes in the proteins are followed by either
probing the changes in the amide I’ (amide | in D,0) infrared (IR) absorbance of the protein
backbone or monitoring the fluorescence intensity changes of the Trp probes. The
combination of laser-induced 7-jump techniques for fast initiation of folding—unfolding
events and spectroscopic approaches for probing structural changes provides the time
resolution and structural specificity necessary for determining early protein folding

events, 336 which may otherwise be missed by conventional stopped-flow techniques
because they are limited to a millisecond dead time. We observe biphasic relaxation
behavior in response to a fast, laser-induced 7-jump, regardless of whether the kinetics is
measured with IR or fluorescence spectroscopy. The results of these experiments indicate
that a simple two-state model cannot account for the observed relaxation dynamics of CspA.

MATERIALS AND METHODS

Sample Preparation

Recombinant, histidine-tagged wild-type CspA and the tryptophan variants were purified
under denaturing conditions using Ni-NTA affinity resin (Qiagen, Valencia, CA).3037 After
dialysis to remove the denaturant and cleavage of the six-histidine affinity tag with TEV
protease,30 the resulting purified proteins were dialyzed into buffer containing 50 mM
potassium phosphate and 100 mM KCI at pH 7 and 4 °C. This solution was then dialyzed in
deuterated buffer [50 mM potassium phosphate and 100 mM KCI (pH* 7)], filtered, and
stored at =20 °C. The concentrations for wild-type CspA and the tryptophan variants used
for all spectroscopic measurements were approximately 3.5 mg/mL. The protein samples
used for the 7-jump experiments were checked for aggregation, using the pair of sharp
bands in the Fourier transform infrared (FTIR) spectrum near 1618 and 1685 cm™1,
associated with the formation of extended B-structure aggregates.3® No aggregation was
detected as long as the initial temperature for the 7-jump measurements was kept below 65
°C.

Singular-Value Decomposition and Global Fitting

We have previously described our approach for using singular-value decomposition (SVD)
to determine the number of spectral components required to describe the temperature
dependence of the protein difference FTIR spectra.3® Briefly, temperature-dependent
difference FTIR spectra are used to construct a data matrix, A (, 7)), in which each column
represents the difference FTIR spectrum at a specific temperature. SVD analysis of this data
matrix results in three matrices, A = U-S-VT, where the U, S, and VT matrices contain the
basis spectra, the singular values, and the temperature evolution of the basis spectra,
respectively. These matrices are truncated; the components containing the signal are
retained, while the components containing only noise are removed. Two basis spectra are
found to describe the original data matrix for CspA. A global fitting procedure is used to
determine the individual spectral components and the temperature dependence of these basis
spectra, as described previously.3? The model used here consists of two sigmoid functions
because this represents the simplest way to globally fit the spectral components found for
the temperature dependence of CspA. This analysis produces matrices D and FT that contain
the individual spectral components and their temperature dependence, respectively, where
D-FT equals A (7, T)- SVD analysis and global fitting were performed in IGOR Pro
(WaveMetrics, Inc.).
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Temperature-Jump Measurements

The methods developed by our group for studying fast protein folding and unfolding
dynamics have been described in detail elsewhere.32:36 Our general approach is to use a fast,
laser-induced 7-jump to shift the equilibrium between the folded and unfolded ensemble of
states. The relaxation dynamics are followed using IR and fluorescence spectroscopies to
probe the structural changes induced by the 7-jump. Each experiment has a dynamic range
from ~20 ns (limited by the detector rise time and laser pulse width) to ~1 ms (where the
solution starts to cool). Equilibrium IR and fluorescence spectra were obtained using a Bio-
Rad (Cambridge, MA) model FTS-40 FTIR spectrometer and a Spex Fluorolog
spectrofluorimeter (Instruments S.A., Edison, NJ), respectively. For both static and time-
resolved measurements, a thermostated, dual-compartment sample cell with CaF, windows
and a Teflon spacer (50-150 um) was employed to allow the separate measurement of
sample and reference (D,0O buffer or tryptophan solution) spectra under identical conditions.
The reference measurements provide information needed both for 7-jump calibration and for
background subtraction.

RESULTS AND DISCUSSION

Thermal Denaturation of CspA

Fluorescence and IR spectroscopy provide complementary information about the specific
structural changes that comprise protein folding. The IR amide I’ band is sensitive to the
conformation and solvation of the polypeptide backbone and therefore reports on secondary
structure formation as well as the global folding transition. Trp fluorescence is more
sensitive to the local environment of the indole side chain, but it can also detect the global
transition to the extent that this transition changes the local environment, such as the
sequestration of the side chain from solvent in the formation of the hydrophobic core of the
native state. Multiple Trp probes help to differentiate between local and global effects. A
two-state folding reaction should give the same equilibrium and kinetics behavior,
regardless of the probe.4? The thermal denaturation of wild-type CspA was mapped by
measuring the temperature dependence of the IR and fluorescence spectra. The fluorescence
spectrum of the folded protein at 20 °C has a peak near 350 nm due to the single tryptophan
(Trpl1) in CspA.2341 Trp11 is partially exposed to solvent even in the folded structure
(hence the red-shifted fluorescence maximum) and forms part of the aromatic and single-
stranded nucleic acid binding cluster (Figure 1). The fluorescence intensity decreases, and
the peak shifts slightly to a higher wavelength with an increasing temperature as a result of
both the temperature-dependent fluorescence quantum yield and the protein conformational
changes that increase the degree of solvent exposure of the tryptophan.#2 The FTIR
spectrum of the folded protein at 20 °C has several amide I’ components (caused by the
loops, turns, and sheet), but the broad envelope is centered near 1634 cm~1 because of the
predominantly B-sheet conformation of the polypeptide backbone.*344 The amide I’ features
lose intensity with an increase in temperature due to the loss of the secondary structure.
Thus, both the IR and fluorescence spectra of the unfolded protein are consistent with the
complete loss of the secondary structure (8-sheets and turns) and solvation of the indole side
chains in the thermally denatured state of the protein.

The thermal denaturation transitions for wild-type CspA obtained by FTIR and fluorescence
spectroscopy show different midpoints (Figure 2). The IR transition, measured near the peak
of the main B-sheet component of the amide I’ IR absorbance (1634 cm™1), follows the
global unfolding of the B-sheet structure. This melt curve is modeled by an apparent two-
state transition, yielding a transition midpoint (7,,) of 66 + 1 °C. The Trp fluorescence
intensity measurements exhibit a more complex shape because of the intrinsic temperature
dependence of the fluorescence quantum yield, which must be subtracted from the data to
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obtain the structural transition. Normally, it is difficult to separate the intrinsic thermal and
structural effects, but in this case, because the Trp is partially solvent exposed in the folded
protein, the intrinsic temperature dependence of its fluorescence can be approximated using
free Trp in a D,O solution. Free Trp shows a quadratic dependence of fluorescence intensity
on temperature. Therefore, the CspA fluorescence melt was modeled using an apparent two-
state transition with a quadratic background (the inset of Figure 2 shows the background-
subtracted data). The midpoint determined by this fitting procedure occurs at 61 + 1 °C.
Holding 7y, at 66 °C during the fitting procedure results in a y? value that is 2.8 times
larger. The difference in apparent 7., values measured by IR and fluorescence is clearly
greater than the error of the measurement, meaning that the transition must involve more
than two states.

Further evidence of non-two-state behavior was obtained from the temperature-dependent
FTIR spectra (Figure 3). Figure 3A shows the FTIR difference spectra of CspA generated by
subtracting the spectrum at 9 °C from each spectrum at the higher temperature. Two minima
centered at 1625 and 1634 cm~1 are evident at the lower temperatures, and they appear to
converge into a broader minimum with an increasing temperature. The 1625 cm™1
absorbance was previously assigned to loop structures.3445-47 SVD analysis with global
fitting yielded two D matrix spectral components from the FTIR difference spectra (Figure
3B). The first (largest amplitude) D matrix spectral component is dominated by a 1634 cm=1
band that is assigned to the B-sheet structure, and a broad positive absorbance at 1660 cm™1
that corresponds to the disordered polypeptide. The second D matrix spectral component is
dominated by the 1625 cm™1 absorbance feature and is therefore assigned to loop structures.
The inset of Figure 3B shows the corresponding temperature dependence of each of these
spectral components, and the two are clearly different. The first spectral component has a
more cooperative transition with an apparent 7, of 66 + 1 °C, whereas the second spectral
component has a broader transition with a lower apparent 7;,. The best fit for the
temperature dependence of the 1625 cm™1 spectral component is obtained with a model
having a linear pretransition baseline and a cooperative transition. Such a model yields a
sharper cooperative transition with an apparent 7,,0f 59 + 1 °C.

A previous study determined a thermal denaturation midpoint of 59 + 1 °C by circular
dichroism (222 nm),2341 the same as the fluorescence and low-temperature IR transitions
reported here within the uncertainty of the measurement. The native CD spectrum is
dominated by a large positive signal in the far-UV region due to the aromatic cluster (six
Phe residues, one Trp, and one Tyr). Because Trp11 is part of this aromatic cluster, it is not
surprising that the 7, values from the fluorescence and CD probes are similar because both
report on the same part of the protein structure. These results suggest that the lower apparent
Tm observed by fluorescence, IR, and CD spectroscopy is due the formation of a partially
unfolded intermediate state that involves the loops and the hydrophaobic cluster, but without
significant unfolding of the B-strands. To test this model, additional Trp fluorescence
reporters were introduced into different parts of the CspA structure, in a Trp11 background
(Figure 1). Single-point mutations were introduced at position 42 (Y42W) or 68 (T68W) to
specifically label the £3—84 loop that separates S-sheet 1 (strands S1-£3) from S-sheet 2
(strands B4 and B5) or the C-terminal strand 55 of sheet 2, respectively. The Y42W and
T68W variants were previously characterized by CD and fluorescence spectroscopy, and the
native structures, stabilities, and functions were found to be similar to those of wild-type
CspA.37 The additional Trp in each of these variants was shown to contribute equally with
Trp11 to the fluorescence intensities in both the native and chemically denatured states.3’
Despite having these additional Trp probes that are remote from the aromatic cluster, the
Y42W and T68W mutants have identical CD and fluorescence melts, with a 7, lower than
that of the 1634 cm~1 IR melt, a clear indication that the lower- 7y, process is not localized to
the cluster.

Biochemistry. Author manuscript; available in PMC 2013 February 08.
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SVD analysis of the IR melt provides additional insight into the nature of the low-
temperature transition. The IR spectral signature of this transition (Figure 3B) is
characteristic of a loop structure. Thus, we propose that the low-temperature transition
involves melting of one or more of the surface loops of the protein, and an associated
perturbation of the aromatic cluster. Previous NMR relaxation measurements indicate that
the loop structures and the hydrophobic cluster are the most flexible parts of the CspA
structure.2” These experiments reveal considerable internal motions within the nucleic acid
binding epitope, especially the backbone amide protons within the 53-84 and p4—£5 surface
loops, the Trpl1l side chain, and nearby side chains within the nucleic acid binding epitope.
The flexibility of these structural regions was proposed to contribute to changes in entropy
upon formation of the complex with the nucleic acid and thus to modulate the binding
affinity and function of CspA. NMR titration experiments that monitor the binding of
ssDNA to B. subtilis CspB show structural rearrangements that extend to the g3—4 and B4—

35 loops.32

T-Jump Kinetic Measurements

Time-resolved IR and fluorescence spectroscopy were used to follow the relaxation of the
protein to the new equilibrium point following a laser-induced 7-jump. Figure 4A shows the
IR relaxation kinetics of wild-type CspA in response to a 7-jump from 60 to 77 (x1.0) °C.
We emphasize that this 7-jump occurs across the global unfolding transition (the transition
with the higher apparent 7y, in Figure 3B). The relaxation kinetics probed at 1634 cm1
show a decrease in absorbance, corresponding to an overall loss of folded structure. This
relaxation is modeled well by a double-exponential fit with a fast relaxation time constant
(71) of 50 £ 2 us (42%) and a slow time constant () of 228 = 10 us (58%). These two
kinetic phases are separated well in time and easily resolved from one another, and both
contribute almost equally to the observed relaxation. Clearly, these data are not consistent
with a two-state kinetic model. Figure 4B compares the static FTIR difference spectrum
with the time-resolved spectra at 50 us and 1 ms following the laser-induced 7-jump. Both
the static and transient spectra correspond to the same change in temperature from an initial
value of 60 °C to a final value of 77 °C. The static spectrum was computed by subtracting
the FTIR spectrum at the initial temperature from the spectrum at the final temperature. The
time-resolved spectra were constructed from the absorbance changes (the amplitude of the
50 us kinetics phase and the total amplitude after 1 ms) derived from the double-exponential
fits of the kinetics data in response to the same 7-jump. The range of probe frequencies
spanned the amide I’ band, corresponding to A-turn (1620 cm™1), B-sheet (1632-1635 cm™1),
and disordered (1653-1658 cm™1) regions of the protein. The frequency-dependent IR
transients all show biphasic relaxation with average time constants of 50 + 7 and 225 + 25
psata 7; of 77 °C. The transient spectrum at 1 ms matches the static spectrum within the
error of the measurement. This observation is consistent with complete relaxation of the
protein to the new equilibrium position on this time scale, meaning there is not a slower
phase missed in the 7-jump experiments. In contrast, the 50 us transient spectrum is
dominated by a bleach centered at 1634 cm™1 (characteristic of S-sheet and loop structures)
with a minimal bleach at 1620 cm~! (characteristic of B-turns), making it distinct from the
transient spectrum at longer times. The 1634 cm~1 bleach has equal contributions from the
fast and slow phases, whereas most (75%) of the amplitude of the 1620 cm™! bleach appears
in the slow phase. These data are consistent with the transient population of an intermediate
state that has an IR spectrum distinct from that of the folded state. Furthermore, this
transient intermediate likely has intact g-turns, based on the 50 us IR spectrum, but the rest
of the structure (including the loops, the aromatic cluster, and the B-sheet) is at least partly
unfolded.

Biochemistry. Author manuscript; available in PMC 2013 February 08.
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The 7-jump relaxation kinetics of CspA was also probed using Trp fluorescence for the
wild-type protein and two Trp mutants. The wild-type protein has a single Trp at position
11, located in the hydrophobic cluster (Figure 1). The transient fluorescence in response to a
7-jump from 49 to 70 °C (Figure 5) fits well to a double-exponential function with the
following relaxation times: 7; =56 =5 us (15%), and 7, = 327 + 40 us (85%). The
relaxation times are the same as those observed for the IR transients with an equivalent 7-
jump. The fluorescence transient is dominated by the slow phase, however, and the
relatively small amplitude of the fast phase is likely the reason it was not detected even as a
burst phase in previous stopped-flow measurements. The 7-jump Trp fluorescence transients
for the Y42W and T68W variants are compared to that of the WT protein in Figure 5 (the
intensities are normalized to facilitate comparison).

Previously, identical rates for the refolding of these two variants were observed by stopped-
flow fluorescence spectroscopy and interpreted with an apparent two-state mechanism and a
compact transition state.3” Here we find that all three proteins exhibit biphasic kinetics in
response to a 7-jump, as summarized in Table 1 for jumps to 74 °C. While the fast phase is
nearly constant for all three proteins, the slow phase clearly becomes slower in the mutant
proteins. The slower process represents the global unfolding of the protein, and therefore, its
rate follows the expected trend for the increase in protein stability along the series: WT
(A G¢ = 3.0 kcal/mol) < Y42W (A G = 3.2 kcal/mol) < T68W (A G = 3.7 kcal/mol). What is
remarkable about these results is that regardless of where the Trp label is located within the
structure (the aromatic cluster, the 83—84 surface loop, or the C-terminal strand 55),
biphasic kinetics are observed, with the same relative amplitude of the fast and slow phases.

Arrhenius plots of the fast and slow relaxation processes for WT CspA from both the IR and
fluorescence 7-jumps are shown in Figure 6. Both of the observed kinetic phases in the IR
and fluorescence 7-jump measurements exhibit a strong temperature dependence, thereby
indicating that both of these processes are activated. The slow relaxation process has an
apparent activation energy of 16.1 + 1.3 kcal/mol. The observed rates for the fast kinetics
process show considerable scatter; nevertheless, the rate clearly increases with temperature,
yielding an apparent activation energy of 12.4 + 3.2 kcal/mol. Also included in this graph
are the relaxation rates derived from previous stopped-flow fluorescence measurements that
report on the cooperative folding transition at lower temperatures.23:33 The 7-jump
relaxation rates are obtained at temperatures above the 7, for the global transition and are
therefore dominated by the unfolding rate. In contrast, the stopped-flow measurements are
obtained at temperatures below the 7, and therefore more closely reflect the folding rate.
Extrapolated rates from both sets of measurements intersect at a temperature of 54.0 £ 1.0
°C, well below the nominal global melt temperature of 61 °C. A simple two-state process
requires that the folding and unfolding branches intersect at 7y, so this result is additional
evidence that CspA does not fold by such a simple mechanism.

The IR and fluorescence kinetic measurements of WT CspA both detect two relaxation
phases, regardless of the IR probe wavelength or the position of the Trp fluorescence probe.
Furthermore, the equilibrium temperature dependence gives different 7, values depending
on the IR probe frequency, or upon comparison of the IR and fluorescence melts. This probe
dependence is characteristic of non-two-state behavior, even when an intermediate state is
not sufficiently stable to be detected as a separate state in equilibrium experiments.# These
results indicate that CspA folds by a more complex mechanism than the previously proposed
two-state kinetic model.23 The simplest model that explains these results is a three-state
model:

k1 =2.0x10%*s™!  k;=4.4x10s"! o
= | = U Ti=77 °C
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The fast kinetic phase is observed in both the IR and fluorescence measurements of WT
CspA and its mutants. The IR signature of the fast process is a bleach at 1634 cm™ (the 50
s spectrum in Figure 4), characteristic of the loss of some of the S-sheet structure, with
possible contributions from one or more of the loop structures that have overlapping IR
absorbance in this region. The intermediate state still has almost half of the native S-sheet
structure content, and the Bturns are intact based on the 1620 cm1 absorbance, evidence
that this state is relatively compact. The fast process is also characterized by a reduction in
the Trp fluorescence for all of the variants studied, although only ~20% of the total
fluorescence change is part of this phase. The fluorescence intensity of Trp in proteins is
sensitive to specific quenching interactions and to the solvent exposure of the indole ring,
with an increased level of hydration causing a decrease and a red shift of the emission.*2
The Trp probe is located in disparate parts of the structure of the different protein variants
studied, including the surface aromatic cluster (W11, WT), the 53—p4 surface loop (Y42W),
and the C-terminal g5 strand (T68W). Therefore, the fast process detected with Trp
fluorescence is consistent with a global increase in the level of hydration of the structure that
perturbs all of the labeled sites approximately equally. Because the fast fluorescence
transient has a small amplitude, however, the degree of solvent penetration is likely
relatively small, further evidence that the intermediate state retains a compact structure. It is
possible that a specific structural change such as the melting of the 3—84 surface loop
disrupts the aromatic cluster and allows some surface hydration of the underlying g-strands,
which would impact of all the labeled sites. In addition, the amide I’ absorbance band is
sensitive to backbone hydration as observed in the distinct IR bands exhibited by surface-
exposed amide carbonyls (1655-1660 cm~1) compared with solvent-protected amide
carbonyls (1634 cm™1) of B-strands.1448 Therefore, by analogy, B-strand “solvation” could
shift the amide I’ band without breaking the g-strand hydrogen bond. Molecular dynamics
(MD) simulations and 170 and 2H NMR relaxation experiments have shown that penetration
of water into proteins is an activated process with activation enthalpies between 1.4 and 5.5
kcal/ mol.#9:50 Our calculated apparent activation energy of 12.4 + 3.2 kcal/mol for this fast
kinetic process can certainly account for several water molecules penetrating into the
structure of CspA.

We conclude that the first step in the unfolding of this protein is global in nature and
produces an intermediate structure that retains a slightly expanded hydrophobic core and
approximately half of the B-sheet structure. The subsequent slower process (I <> U) is the
global unraveling of the hydrophobic core and the remaining S-sheet structure. This slower
process is the rate-determining step as it represents the main barrier to unfolding. The
Arrhenius plot (Figure 4) clearly shows that the unfolding branch has a steep temperature
dependence with a large apparent activation energy for unfolding (16.1 £ 1.3 kcal/mol)
because of the loss of the stabilizing interactions still present in the nativelike intermediate
state. In comparison, the enthalpic barrier to folding (as shown in the folding arm of the
plot) is much smaller.

We conclude that CspA folds through a compact intermediate state that has much of the
native secondary structure and hydrophobic core already formed. Formation of this
intermediate is likely initiated by rapid folding of the S-turns, which are already present in
the intermediate state based on the transient IR spectrum. Previously, it has been shown that
Bturns fold within hundreds of nanoseconds to microseconds, and for this reason, these
structures have been postulated as nucleation sites for the folding of B-sheet
structures.141551 These results provide the first kinetic evidence of such a mechanism. The
fast folding of the turns facilitates a rapid chain collapse to form a compact intermediate
state that has substantial B-sheet structure. The intermediate state is slightly expanded, with
some solvent penetration, on the basis of the global response of the IR and fluorescent
probes. In support of this model, MD simulations of CspA by Brooks and colleagues suggest
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an early collapse of the protein with water-mediated hydrogen bonding interactions followed
by final native structure rearrangements.>2 Finally, CspB, a protein that is closely related to
CspA structurally and in its folding behavior, has been found to fold through a compact
transition state that is very diffuse, with only a few residues in strand 51 exhibiting @ values
of >0.5.53 The transient intermediate observed for CspA appears to be similar in nature and
is likely close to the structure of the transition state.

A related hierarchical folding mechanism has been proposed for several B-sheet proteins in
the intracellular lipid binding protein (iLBP) family that includes the rat intestinal fatty acid
binding protein (IFABP), ileal lipid binding protein (ILBP), cellular retinoic acid binding
proteins I and Il (CRABP | and CRABP Il, respectively), and cellular retinal binding protein
| (CRBP 1).7:8:54-57 Stydies of the folding mechanisms of these various proteins all postulate
the occurrence of a hydrophobic collapse that brings together residues that are distant in
sequence as the initial event in the folding mechanism. Studies of CRABP | and ILBP |
show that the early intermediates formed via hydrophobic collapse have nativelike
secondary structures, suggesting that S-sheet formation is guided by incipient native side
chain interactions in this compact state.”%-55-58 For CRBP | and CRABP I, the -turns have
also been proposed to act as nucleation centers for B-strand propagation.8-°>-57 These
studies lend support to our hypothesis of a sequential model for the folding of CspA, which
is initiated by rapid collapse of the hydrophobic core and formation of B-turns, followed by
the slower formation of the S-sheet structure and the eventual squeezing out of water
molecules to pack the hydrophobic core and form the B-barrel structure.

In summary, CspA clearly folds though a multistate kinetic pathway, and therefore, it is not
an appropriate model system for predictions of two-state folding behavior. This result is
somewhat unexpected because CspA appears to fit well within the range of chain length and
contact order characteristic of two-state folding, a clear indication that there must be other
factors influencing the folding mechanism. Finally, the detection of multistate folding of
CspA required the use of multiple spectroscopic probes and sufficient time resolution for the
kinetic measurements. These results emphasize the importance of using multiple probes and
high time resolution to verify a two-state folding mechanism.
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Figure 1.
Ribbon representation of £. coli CspA (Protein Data Bank entry 1MJC)2® showing the
relative locations of Trpl1, Tyr42, Thr68, and the aromatic nucleic acid binding site.
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Thermal denaturation curves of wild-type CspA obtained by measuring the amide I’
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absorbance (FTIR) at 1634 cm~1 (O) and the Trp fluorescence (A). The solid lines are fits to
an apparent two-state model that yield apparent 7, values of 66 + 1 and 61 + 1 °C for IR
and fluorescence, respectively. The inset shows an overlay of the background-corrected

fluorescence data with the IR data and highlights the difference in apparent 7, values

derived from the different probes.
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Figure 3.
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Temperature-dependent FTIR spectra. (A) FTIR difference spectra in 8 °C increments,
generated by subtracting the lowest-temperature spectrum (9 °C) from higher-temperature
spectra. The arrow shows the direction of increasing temperature. (B) D spectral
components with the corresponding FT temperature profiles (shown as an inset) determined
via SVD and global fitting analysis of the temperature-dependent FTIR difference spectra.
The first spectral component (—) has a more cooperative transition with an apparent 7, of
66 °C (M), whereas the second spectral component (---) has a broader transition with a lower

apparent 7, ().
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Figure 4.

Comparison of the wavelength-dependent time-resolved IR measurements with the static
FTIR difference spectra. (A) IR transient at 1634 cm~ of WT CspA in response to a 7-jump
from 60 to 77 (£1.0) °C. The relaxation is modeled well by a double-exponential fit (—).
(B) Time-resolved IR spectra at 50 s (O) and 1 ms (@) obtained from the frequency-
dependent amplitudes of the 7-jump transients. The transient spectra are mapped onto the
static FTIR difference spectrum [A7=77 - 60 °C (—)].
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Figure 5.

Comparison of relaxation kinetics of WT and mutant CspA measured by Trp fluorescence in
response to temperature jumps from 49 to 70 (£1.0) °C. The fluorescence decay signals are

modeled well by double-exponential functions (—).
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Figure 6.
Arrhenius plot of relaxation rates for the fast (l) and slow (A) processes from IR and
fluorescence 7-jumps. Relaxation rates derived from fluorescence stopped-flow
measurements (@) at lower temperatures are also included.23:33
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