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ABSTRACT: Escherichia coliCspA is a small all-â-sheet protein that folds fast (τ ) 4 ms) via an apparent
two-state mechanism. Our previous studies have shown that a large aromatic cluster on the surface of the
protein participates in the rate-limiting step of folding and thus may be part of the folding nucleus of this
protein. To obtain a more detailed picture of molecular events at the peptide backbone during unfolding
and folding of CspA, we used native state hydrogen exchange and nuclear magnetic resonance spectroscopy
(NMR). The experiments with native CspA were performed over a range of pH values from low pH,
where exchange is governed by a rapid equilibrium before chemical exchange (EX2 exchange), to high
pH, where exchange is dictated by the rate of unfolding (EX1 exchange). Rates of folding and unfolding
were determined for 11 residues. The distribution of rates of folding within the structure of CspA suggests
that hairpin turns, including one near the aromatic cluster, may nucleate the folding of CspA.

A number of key discoveries made in recent years bring
us closer than ever to a full understanding of the relationship
between a protein’s primary sequence and its three-
dimensional structure. The characterization of the folding
mechanisms of a number of structurally diverse, single-
domain proteins (1) has provided essential information about
the relative importance of secondary structural elements to
folding nucleation and about the relationship between topol-
ogy and folding rate (2-5). Much of the work leading to
these discoveries has been conducted using rapid mixing
techniques coupled with optical spectroscopy. Although
optical methods lack detailed structural specificity and rapid
mixing methods are limited to approximately 1 ms dead
times, when used in conjunction with the protein engineering
method, energetic and structural information can be inferred
at the residue level (6, 7). These types of experiments have
revealed key determinants to folding (8, 9) and will continue
to provide essential information about the role of side chains
in folding mechanisms.

Nuclear magnetic resonance spectroscopy (NMR)1 has the
potential to provide structural information about folding
processes at each residue simultaneously and on rapid time
scales. A variety of methods have been applied to studying
folding including pulse-labeling hydrogen exchange (10),
magnetization transfer (11, 12), line shape analysis (13), and
native state hydrogen exchange (14). The latter is distin-
guished from the other techniques in providing access to the
kinetics of unfolding and folding at specific hydrogen bonds

under native solution conditions. Thus, proteins whose three-
dimensional structures have been solved by NMR are ideal
candidates for this approach. Here we report on the folding
of Escherichia coli CspA using native state hydrogen
exchange.

We have previously characterized the folding of CspA
using stopped-flow fluorescence spectroscopy and concluded
that it folds rapidly via an apparent two-state mechanism
(15). However, the single tryptophan that accounts for the
majority of the fluorescence signal of CspA is located on
the surface of the protein in the nucleic acid binding site
within a solvent-exposed aromatic cluster (Figure 1). It is
possible that this probe reports only on the environment of
this cluster during the folding process and not on the global
folding of the protein. Using NMR and hydrogen exchange
allows us to study the folding of multiple sites throughout
the protein simultaneously, both near and away from the
aromatic cluster.

Amide protons involved in backbone hydrogen bonds are
proposed to exchange with the solvent by the following
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1 Abbreviations:Rq, fractional solvent accessibility of the transition
state ensemble of folding;∆G, Gibbs free energy for protein unfolding
(a subscript denotes whether values were obtained from equilibrium,
kinetic, or hydrogen exchange experiments); D2O, deuterium oxide;
EX1, mechanism of hydrogen exchange in whichkobs equalskop; EX2,
mechanism of hydrogen exchange in whichkobsequalskch(kop/kcl); FID,
free induction decay; HX, hydrogen exchange;I, observed peak
intensity; I0, initial peak intensity;kch, rate of exchange in model
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observed exchange rate;kop, rate of opening or unfolding;ku, the rate
of unfolding; meq, dependence of the free energy of unfolding on
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scheme (17, 18), wherekop is the rate of opening,kcl is the
rate of closing, andkch is the intrinsic exchange rate of the
proton:

Under native conditions, there is an equilibrium preceding
chemical exchange, with the open conformation being
susceptible to exchange (19, 20). This behavior is described
by eq 2, wherekobs is the observed rate of exchange:

At low pH, the intrinsic exchange rate is slow (kcl . kch),
leading to EX2 exchange. Equation 2 simplifies to

At pH >4, the intrinsic rates of exchange,kch, increase 10-
fold with each increase in pH and are sensitive to the
neighboring residues. Eventually, at high pH,kch . kcl (EX1
exchange), and the observed rate is equal to the rate of
opening (unfolding):

Thus, the combination of EX2 and EX1 exchange at the
slowest exchanging amide protons should allow the estima-
tion of the rates of folding and unfolding (21, 22). Arrington
and Robertson demonstrated the utility of this method in
characterizing the folding of the turkey ovomucoid third
domain (14), and more recent studies of ubiquitin have
demonstrated the accuracy of this approach (23).

Hydrogen exchange experiments are typically carried out
by resuspending lyophilized protein in D2O and monitoring
the replacement of protons by deuterons as a function of
time. This approach is not practical with CspA because it is

marginally stable, with an unfolding free energy of only 3
kcal/mol. Consequently, all amide protons exchange fully
within 2 h of dissolving CspA in D2O at pH 6.0 (24).
Moreover, CspA unfolds and refolds rapidly, and at higher
pH, we thus expect the amide protons to exchange too rapidly
to measure by hydrogen-deuterium exchange. We have thus
used saturation transfer to follow slow amide exchange in
native CspA at alkaline pH (25, 26).

The transfer of saturated (magnetized) spins from water
to an amide proton is observed as a decrease in peak
intensity,I, which depends on the exchange rate of the amide
proton (kobs; eq 2) and its longitudinal relaxation time constant
T1 according to

These fractional intensities,f, will vary for each amide proton
resonance as a function of pH. By measuring the peak
intensities over the pH range encompassing EX2 and EX1
conditions, estimates of the closing and opening rates for
individual amide protons can be obtained by substituting eq
2 into eq 5. This only requires that the intrinsic rates of
exchange,kch, are known. The dependence of the rate of
chemical exchange on pH is described by eq 6, wherekH

andkOH are the rates of acid and base catalysis andkH2O is
the rate of water catalysis:

Values ofkch have been determined for model peptides as a
function of pH (27, 28) and are obtained from this literature.

We are able to follow the exchange of 11 amide protons
in CspA using this technique. These amide protons are well
distributed throughout four of the fiveâ-strands of CspA
and now provide us with a more comprehensive picture of
the folding of this protein. As we hypothesized earlier (15,
16, 29), the â-strands that include the aromatic cluster
residues and the RNA binding RNP1 and RNP2 motifs are
the first to come together in the folding of CspA. A turn at
the end of the loop between strands 3 and 4 forms early as
well.

MATERIALS AND METHODS

Analytical grade urea was purchased from ICN. Buffer
components and other reagents were of analytical grade and
were purchased from Fisher Scientific. All isotopic chemicals
were purchased from Cambridge Isotope Laboratories. CspA
was expressed and purified as described previously (15), and
the concentration of CspA was determined by absorbance
measurements at 280 nm using the calculated extinction
coefficient 8437 M-1 cm-1 (30). pH measurements were
made using an Orion Research model 611 pH meter equipped
with a 3 mmIngold electrode or a Corning pH meter, model
430, with a Corning pH combination electrode. The pH
meters were calibrated with two standards (VWR Scientific).

Protein samples to be used for NMR analysis were
lyophilized to constant weight. To ensure that CspA was
properly folded after lyophilization, one of the lyophilized
samples was resuspended in buffer and analyzed by circular
dichroism spectroscopy.

FIGURE 1: Ribbon diagram ofE. coli CspA showing the aromatic
cluster with the phenylalanine residues highlighted. This image was
rendered with the Ribbons software (48) using the coordinates of
Schindelin et al. (49).
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Urea-Induced Denaturation Monitored by Fluorescence.
Urea titrations were performed using a Perkin-Elmer LS-
50B fluorescence spectrometer as described previously (29).
The stock urea solutions were prepared daily, and the
concentrations were calculated by their index of refraction
using a Bausch & Lomb refractometer (31).

Thermal Denaturation.Thermal denaturation of CspA was
followed using circular dichroism spectroscopy by measuring
the change in ellipticity at 222 nm with increasing temper-
ature. A protein concentration of∼50 µM in 50 mM
potassium phosphate and 100 mM potassium chloride was
used, and the pH was adjusted with potassium hydroxide to
give the desired final pH. The temperature was increased at
a rate of 0.33°C/min using a programmable water bath, and
the experimental data were analyzed as described previously
to obtain the midpoint of thermal denaturation (Tm) (15, 32).

Stopped-Flow Fluorescence.All folding and unfolding
reactions were performed using an Applied Photophysics
SX.18MV stopped-flow spectrometer. The temperature was
controlled to (0.5° of the desired temperature with a
circulating water bath. Unfolding was initiated by rapid
dilution of the native protein in 50 mM potassium phosphate
and 100 mM KCl at pH 7.0 or 11.0 with the varying
concentrations of buffered urea at the same pH. The refolding
reactions were performed by rapidly diluting CspA in 7 M
urea with buffer to which urea was added to give the final
desired concentration of urea. Excitation was at 280 nm, and
the emission was measured through a 305 nm cutoff filter.
Final protein concentrations were between 2 and 7µM, and
at least 10 transients were collected and averaged for each
urea concentration. The average was fit to a monoexponential
time course using Kaleidagraph (33). The rate constants for
refolding (kf) and unfolding (ku) in the absence of denaturant
and the dependence of these rates on the concentration of
denaturant (mf and mu) were determined as described
previously (15).

Nuclear Magnetic Resonance Spectroscopy.NMR samples
were prepared by resuspending lyophilized CspA with buffer
[50 mM potassium phosphate, 100 mM potassium chloride,
10% D2O, and ∼1 mM TSP [sodium 3-(trimethylsilyl)-
propionate-2,2,3,3-d4]] preadjusted to the desired experi-
mental pH with potassium hydroxide (the pH ranged from
6 to 11). The pH of the samples was measured prior to each
experiment, and the samples were filtered through a 0.2µm
Millipore syringe filter. Final sample volume was 600µL at
a concentration of∼1 mM CspA. Amide proton assignments
are based on published assignments of CspA (BMRB 4296)
(24, 36). Amide proton chemical shifts were referenced to
TSP (0 ppm), and peak intensities were determined using
the VNMR software (Varian).

All NMR experiments were performed on a 500 MHz
Varian INOVA spectrometer using a triple resonance probe
(located in the University of Iowa College of Medicine NMR
facility) or a 500 MHz Varian UNITY using a triple
resonance probe (Varian) (at the University of California,
Santa Cruz). The spectrometers’ temperature controllers were
calibrated to 38( 0.5 °C using a methanol standard (34).

Hydrogen exchange experiments were performed by
acquiring 1D1H spectra of native CspA at varying pH using
the PRESAT pulse sequence included with the VNMR
software. All parameters were identical for each sample, and
the peak heights were normalized to a nonexchanging

aliphatic signal. Each FID was the sum of 256 transients
consisting of 8000 complex data points. The spectral width
was 6000 Hz, and the recycle time was 4.4 s. Total
acquisition time for each FID was 22 min.

The identities of the most slowly exchanging amide
protons determined by the hydrogen exchange experiments
(I8, K10, G19, I21, T22, V30, V32, Q49, V51, S52, and
F53) were verified by performing a TOCSY experiment at
pH 11 and 38°C, the most extreme conditions used in this
study. TOCSY spectra consisted of 128 blocks of 12 summed
transients, each of which consisted of 2048 complex data
points with a spectral width of 6000 Hz. Total acquisition
time for each spectrum was 2 h.

Longitudinal relaxation time constants (T1) were deter-
mined for the slowly exchanging amide protons using an
inversion recovery pulse sequence (35) with presaturation
of the solvent, and analysis was conducted using the VNMR
software. Each FID was the sum of 16 transients collected
at 8000 complex data points, a spectral width of 6000 Hz,
and a recycle time of 6 s. The pH range and temperature of
the samples were identical to that used in the hydrogen
exchange experiments.

Data Analysis.The rates of closing (kcl) and opening (kop)
were determined by simultaneously fitting the data in Figure
5 (fractional intensities versus pH) to eqs 2, 5, and 6 with
Kaleidagraph (33). Values for the rate constants in eq 6 were
obtained from published values (27, 28). TheT1 values for
the slowly exchanging protons were found to be invariant
with pH and protein sequence. As such, an averageT1 value
for all amide protons was used in eq 5 (〈T1〉 ) 0.7 s). Proton
and hydroxide concentrations in eq 6 were computed from
the pH of the samples. Substitution of eqs 6 and 2 into eq 5
with all known variables results in a new equation with two
unknown values,kcl and kop. Confidence intervals were
computed using the standard errors of the curve fitting.

RESULTS

Our intent was to monitor hydrogen exchange rates as a
function of pH by NMR and observe EX2 exchange and, at
high pH, the switch to EX1. Once in the EX1 limit, a direct
measurement of the opening rate (kop) can be obtained (14,
18, 21-23). To accomplish this, we acquired 1D1H NMR
spectra at seven pH values between 6 and 11 at a temperature
of 38 °C. This is the lowest temperature at which we
observed saturation transfer. Simulations of the exchange
behavior using the global folding and unfolding rates
determined by stopped-flow fluorescence spectroscopy (15)
suggest that CspA should be in EX1 exchange at pH>9.

Folding Kinetics and Stability of CspA at EleVated
Temperature and pH.To ensure that CspA was structured
and that its folding pathway had not been altered at alkaline
pH, the stability and folding kinetics were characterized at
pH 7.0 (38°C) and pH 11.0 (25 and 38°C). The thermal
stability of CspA at pH 11 was determined by monitoring
the temperature dependence of the change in ellipticity at
222 nm (Figure 2). The midpoint of thermal denaturation
(Tm) under these conditions was found to be 53°C, which
is 5° less than that of CspA at pH 7.0 (Tm ) 58 °C). A single
transition was observed in both cases (pH 7 and 11). At both
pH values, the signal at 222 nm was completely recovered
on return to 5°C, indicating that CspA refolds reversibly
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following thermal denaturation (not shown). Moreover, the
CD scans of the samples before thermal denaturation and
after returning to 5°C were identical.

Stability was also assessed by chemical denaturation. The
fluorescence emission intensity was monitored as a function
of urea at pH 7.0 (38°C) and pH 11.0 (25 and 38°C). A
single transition between the folded and unfolded states was
observed under all conditions. The unfolding free energy at
pH 11.0 and 38°C, the most extreme conditions under which
hydrogen exchange was performed, is 1.0 kcal/mol lower
than at pH 7 and 38°C (Table 1). Nonetheless, CspA
undergoes cooperative unfolding at the higher pH, and the
circular dichroism scans at both pH values are identical. This
indicates that CspA is still structured under these conditions.
Additionally, Petrosian and Makhatadze have shown that the
stability of CspA is independent of pH in the pH range 6.5-
8.5 (37).

At pH 7.0 and 38°C the folding rate (kf) is 564 s-1 (Table
1 and Figure 3). At pH 11.0 and 38°C, the refolding rate is
250 s-1. The unfolding rates (ku) for both pH 7 and pH 11
at 38°C are virtually identical, though both increase by an
order of magnitude relative to rates at 25°C. The unfolding
rates still exhibit the very slight dependence on denaturant,
which is characteristic of the cold shock proteins (15, 38,
39). This slight dependence implies that the transition and
the folded states have similar interactions with the solvent.

FIGURE 2: Thermal stability of CspA expressed as the fraction
unfolded as a function of temperature. CspA, pH 7.0, is shown as
squares and CspA, pH 11.0, is shown in triangles. The solid lines
represent the fit to the data. The concentration of CspA was 50
µM in 50 mM potassium phosphate and 100 mM KCl at the
appropriate pH.

FIGURE 3: Apparent rate constants (λ) of CspA plotted as a function
of urea concentration. Rates were determined by stopped-flow
fluorescence spectroscopy at varying pH and temperature. Emission
intensities were measured through a 305 nm cutoff filter.

FIGURE 4: NMR spectra of the amide region of CspA shown at
varying pH with temperature held constant at 38°C. All spectra
are to scale and referenced to TSP (0 ppm).

Table 1: Thermodynamic and Kinetic Parameters of Wild-Type CspA Determined by Fluorescence Spectroscopya

∆Geq

(kcal mol-1)
∆Gkin

(kcal mol-1) kf (s-1) mf (M-1) ku (s-1) mu (M-1)
meq (kcal

mol-1 M-1)
mkin (kcal

mol-1 M-1) Rq

pH 7.0, 25°C 3.0( 0.2 2.9( 0.1 266( 16 -0.87( 0.02 1.9( 0.2 0.14( 0.07 0.71( 0.04 0.60( 0.07 0.86( 0.07
pH 7.0, 38°C 2.4( 0.1 2.0( 0.1 565( 12 -1.01( 0.03 23.7( 2.9 0.14( 0.02 0.67( 0.01 0.71( 0.03 0.88( 0.04
pH 11.0, 25°C 2.6( 0.2 2.9( 0.1 201( 3 -0.93( 0.02 1.5( 0.4 0.23( 0.07 0.70( 0.01 0.69( 0.06 0.80( 0.05
pH 11.0, 38°C 1.5( 0.2 1.6( 0.1 250( 11 -1.02( 0.06 18.3( 2.4 0.14( 0.02 0.96( 0.20 0.72( 0.05 0.88( 0.07

a The reported errors ofkf, ku, mf, andmu are the standard errors of the curve fits. Abbreviations:∆Geq, unfolding free energy obtained from an
equilibrium experiment;∆Gkin, unfolding free energy obtained using kinetically determined unfolding and refolding rates;kf, refolding rate;mf,
slope of refolding rate dependence on denaturant concentration;ku, unfolding rate;mu, slope of unfolding rate dependence on denaturant concentration;
meq, slope of unfolding free energy dependence on denaturant concentration;mkin ) RT(mu - mf); Rq, fractional solvent accessibility of the transition
state ensemble of folding [Rq ) -mf/(mu - mf)].
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In other words, the transition state ensembles appear to be
quite compact under all conditions examined.

The equilibrium unfolding and kinetic data are consistent
with a two-state mechanism at 38°C and pH 11. In all of
the conditions studied, there is a good correspondence
between the Gibbs free energy obtained from urea titrations
and the folding kinetics. The folding and unfolding kinetics
can be modeled well by a monoexponential time course, also
supporting a two-state mechanism. Hence, a two-state
hydrogen exchange mechanism is a reasonable model for
our studies.

Hydrogen ExchangeVia Saturation Transfer.Hydrogen
exchange experiments were conducted by acquiring 1D NMR
spectra of native CspA in water at varying pH. All spectra
were acquired under identical conditions where saturation
of the solvent (water) was achieved by preirradiation. Though

initially complex, the spectrum of CspA simplifies as the
pH increases (Figure 4). This results from an increase in the
intrinsic exchange rate of the amide protons. The amide
protons still visible at high pH are those that exchange most
slowly and are a subset of those observed previously to be
the most slowly exchanging (I8, K10, G19, I21, T22, V30,
V32, Q49, V51, S52, and F53) (24, 40). The identity of these
protons was verified by performing a TOCSY experiment
at pH 11 and 38°C using published assignments (36). These
amide protons are located on strands 1, 2, 3, and 4 of CspA
(Figure 1) and provide independent probes of the structure
in these regions of the protein. As has been reported
previously (36, 40), there are no slowly exchanging amide
protons on strand 5 of CspA.

Hydrogen Exchange Rates.Signal intensities for the slowly
exchanging amide protons vary significantly with pH. In a

FIGURE 5: Peak intensities of all slowly exchanging amide protons plotted as a function of pH. The solid lines indicate the fits to the data
(see Materials and Methods).
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purely EX2 exchange, the signal intensity is expected to
decrease with increasing pH with the eventual disappearance
of the signal intensity at higher pH. In the EX1 limit, peak
intensities are expected to plateau to nonzero values when
the rate of exchange approaches the rate of opening. Figure
5 shows the dependence of signal intensity on pH for each
of the observed protons. In most cases, the signal intensity
decreases with pH and then begins to plateau at pH>7. A
plateau in signal intensity can be explained into two ways:
EX1 exchange is occurring andkobs is approachingkop or
regions within CspA are becoming more stable with increas-
ing pH. The second explanation is unlikely since the stability
of CspA begins to decrease at pH values above 11 (H.
Rodriguez, unpublished results). Thus, the plateau almost
certainly results from a switch from EX2 to EX1 exchange.

The individual closing and opening rates of the slowly
exchanging protons were determined by simultaneously
fitting the data in Figure 5 to eqs 2, 5, and 6 (see Materials
and Methods) and are listed in Table 2. The closing rates
vary by 2 orders of magnitude, ranging from 52 to 2200
s-1. The values ofkop vary less than an order of magnitude
and range from 2 to 10 s-1. The solid lines in Figure 5 denote
the curve fits to the data and, in most cases, describe the
data well. Equation 5 assumes that the opening and closing
rates remain constant as a function of pH. Since, by stopped
flow, we found a 2-fold difference in the refolding rates at
pH 7 vs 11 (though no difference in the unfolding rates;
Table 1), there may be some error in the absolutekcl andkop

values. However, the pH dependence of the refolding rates
is unlikely to explain the 10-40-fold differences seen in the
individual closing rates (kcl).

The free energy differences between the open and closed
conformations can be computed from∆GHX ) -RT ln(kop/
kcl). The computed∆GHX for the observed protons range from
1.4 to 4.3 kcal/mol, though 9 of 11 values are between 1.9
and 4.0 kcal/mol. These values are comparable to those of
Jaravine et al. (40), who found values in the range 2.6-3.9
kcal/mol (with one outlier at 1.2 kcal/mol), although the
different solution conditions used in their study preclude a
more precise comparison. Again, as observed and noted by
Jaravine et al. (40), all of the amide protons on strand 5
exchange too rapidly to observe, even though many of the
amides on strand 4 to which strand 5 is hydrogen bonded in
an antiparallel interaction are slowly exchanging. This

puzzling observation is difficult to explain but similar to
results observed in theâ-sheets of ovomucoid third domain
and ubiquitin (14, 23).

DISCUSSION

We have studied the folding of CspA by native state
hydrogen exchange. We were able to follow 11 amide
protons on strands 1, 2, 3, and 4 of CspA, giving us a more
comprehensive picture than before of the folding of this
model protein. Although there is some variation particularly
in the closing rates, we find that the opening and closing
rates are similar to the global folding and unfolding rates
measured by stopped-flow fluorescence spectroscopy.

Unfolding of CspA.The unfolding rate constants measured
by hydrogen exchange (Table 2) are slower, by factors of
2-10, than the unfolding rate constants obtained by stopped-
flow fluorescence spectroscopy (Table 1). The possible
sources of experimental error in determiningkop values are
the T1 values and the intensity measurements, particularly
at the low pH extrema which is the denominator in
determining fractional intensity. The averageT1 value for
amide protons in CspA, 0.7 s, is similar toT1 values observed

Table 2: Thermodynamic and Kinetic Parameters of CspA
Determined by NMRa

residue kcl (s-1) kop(s-1)
∆GHX

(kcal mol-1)

Ile 8 206( 65 9.7( 2.1 1.9( 0.2
Lys 10 493( 302 8.2( 3.6 2.5( 0.5
Gly 19 489( 78 3.3( 0.2 3.1( 0.1
Ile 21 1172( 324 2.0( 0.2 3.9( 0.2
Thr 22 2235( 993 2.2( 0.4 4.3( 0.3
Val 30 1251( 612 2.5( 0.5 3.8( 0.3
Val 32 1323( 451 2.0( 0.2 4.0( 0.2
Gln 49 995( 579 3.6( 1.1 3.5( 0.4
Val 51 52( 6 5.8( 0.4 1.4( 0.1
Ser 52 488( 70 2.3( 0.1 3.3( 0.1
Phe 53 646( 370 4.7( 1.5 3.0( 0.4
a The reported errors are at the 70% confidence interval. Experimental

conditions were 38°C using identical NMR parameters, with CspA
samples in 50 mM potassium phosphate, 100 mM potassium chloride,
10% D2O, and 1 mM TSP at varying pH (see Materials and Methods).

FIGURE 6: Measured rates of (A) folding and (B) unfolding plotted
for all observed amide protons. The solid horizontal line in (A)
represents the extrapolated refolding rate observed by stopped-flow
experiments at pH 7.0 (38°C).
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in ovomucoid third domain and ubiquitin (A. D. Robertson,
unpublished results), two proteins similar in size to CspA.
Assuming that the intensity measurements are accurate,T1

would have to decrease by a factor of 10 in order to arrive
at kop values of about 20 s-1, and an error of this magnitude
is highly unlikely. A similar argument applies to the intensity
measurements. In fact, at low pH some of the intensities may
be overestimated because of possible overlap with other
resonances. This type of error will only lead to overestimates
in kop. Overall,kop values are indeed significantly less than
ku values.

Interestingly,kop values of about 10 s-1 are found at I8
and K10, very close to W11, the fluorophore in stopped-
flow experiments yieldingku values of about 20 s-1. The
modest 2-fold difference in rate constants may reflect the
difference in the experimental methods (41). Moreover, while
the uncertainties in mostkop values are significant, a pattern
in the structural distribution ofkop values suggests real
differences in the kinetics of unfolding for different regions
of native CspA (Figure 6). The slowest opening rate constants
are located on strands 2 and 3 where most of the aromatic
cluster residues are located (Figures 6 and 7). More rapid
opening occurs at the more peripheral strands 1 and 4.

Folding of CspA.A similar pattern is observed in the
structural distribution ofkcl values. Stopped-flow experiments
at pH 7 and 11 and at 38°C yield rate constants for folding
ranging from about 300 to 600 s-1, and given the uncertain-
ties in kcl determinations, most of thekcl values measured

by exchange fall within this range or are very close to it.
Nevertheless, the distribution inkcl values is nonrandom with
respect to structure, with the larger values located on strands
2 and 3. Assuming that only nativelike hydrogen bonds form,
this suggests that a possible scenario for the folding of CspA
could be one in which strands 2 and 3 form a two-stranded
sheet that then serves as a template for the folding of the
remainder of the protein. Only one result does not fit with
this scenario: the residue with the fastest closing rate of all,
Thr 22, is on strand 2 but is hydrogen bonded to Ile 8 on
strand 1. The closing rate of Ile 8 is 10-fold slower. Given
the similarity of the closing rates of residues 8 and 10, both
on strand 1, we suspect this discrepancy may be due to an
inaccuracy in thekcl of Thr 22, whose intensity which is
just beginning to plateau at pH>10, or the result of
intraresidue hydrogen bonding between the side chain
hydroxyl group acting as the acceptor at high pH (the pKa

of the-OH of free threonine is 13) and the amide proton of
the same residue acting as the donor.

Residues 8 and 10 on strand 1 have closing rates of 200-
500 s-1, very similar to the rate measured by stopped-flow
fluorescence spectroscopy based on the fluorescence of Trp
11, the sole tryptophan of CspA. This suggests that Trp 11
is indeed reporting accurately on the folding of the protein
but that it misses a slightly more rapid eventsthe faster
closing of residues on strands 2 and 3. This event, which
would occur within the dead time of mixing in the stopped-
flow instrument, would not appear as missing amplitude in

FIGURE 7: Ribbon diagram of CspA with the rates of (A) closing and (B) opening of individual amide protons mapped onto the structure.
This figure was rendered with UCSF MidasPlus (50).
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the stopped-flow fluorescence traces because the probe does
not lie on either of these strands. This result is also consistent
with our previous findings that aromatic residues F18, F20,
and F31 on these strands are important for stability as well
as folding (16, 29). (It should be kept in mind, however,
that other parts of CspA may also be involved in nucleating
folding, including those parts for which we have no informa-
tion.)

A requirement for the preassociation of strands 2 and 3
may also explain the observation from stopped-flow experi-
ments that the transition state ensemble of CspA is nativelike
in its accessibility to solvent (15): If the hydrogen-bonding
pattern and extensive hydrophobic contacts between strands
2 and 3 are establishedprior to the step observed by stopped-
flow fluorescence (the docking of strand 1 with Trp 11
against strands 2-3), and if strands 4 and (quite possibly) 5
join the structure at approximately the same time or just
before strand 1, then the structure of the CspA “transition
state” ensemble may indeed appear to be quite nativelike.

Implications for Protein Structure Prediction.It has been
proposed previously that turns may nucleate folding of
â-sheets (42-45). Results of extensiveφ-value analysis on
the all-â SH3 domains, theR and â IgG binding domain,
and protein L indicate that hairpins are formed in the
transition state of folding and are required for proper folding
(4, 5, 45-47). In the case of CspA, the antiparallel interaction
of strands 2 and 3 may serve as a template to folding. Taken
together, these results suggest that turn formation may be a
general nucleating event in the folding ofâ-sheet proteins.
Therefore, betterâ-sheet structure prediction may be achieved
through improved prediction of turn signals and regions that
form hairpins. Such regions may also be involved in other
interactions that lead to the propagation ofâ-sheets. Progress
toward accurate prediction of turn and hairpin formation
could therefore lead to a better understanding of the sequence
determinants of pathological protein aggregation.
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