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Background: Cellular retinoic acid binding protein I (CRABPI) is a small,
predominantly β-sheet protein with a simple architecture and no disulfides or
cofactors. Folding of mutants containing only one of the three native
tryptophans has been examined using stopped-flow fluorescence and circular
dichroism at multiple wavelengths.

Results: Within 10 ms, the tryptophan fluorescence of all three mutants shows
a blue shift, and stopped-flow circular dichroism shows significant secondary
structure content. The local environment of Trp7, a completely buried residue
located near the intersection of the N and C termini, develops on a 100 ms time
scale. Spectral signatures of the other two tryptophan residues (87 and 109)
become native-like in a 1 s kinetic phase. 

Conclusions: Formation of the native β structure of CRABPI is initiated by
rapid hydrophobic collapse, during which local segments of chain adopt
significant secondary structure. Subsequently, transient yet specific interactions
of amino acid residues restrict the arrangement of the chain topology and
initiate long-range associations such as the docking of the N and C termini. The
development of native tertiary environments, including the specific packing of
the β-sheet sidechains, occurs in a final, highly cooperative step simultaneous
with stable interstrand hydrogen bonding.

Introduction
Analyses of the folding of a wide range of helix-rich pro-
teins, closely related mutant versions (for examples, see
[1–3]) and a multitude of peptide studies of the helix/coil
transition have shed considerable light on the folding of
α helices [4,5]. In contrast, relatively little is known about
the structural basis for β-sheet formation [6]. Recent work
has made great strides in predicting the β-sheet propen-
sity of unknown protein sequences [7,8], and in designing
de novo β-sheet structures [9]. Numerous questions remain
concerning the fundamental mechanism for the folding of
β sheets. Is sheet formation generally initiated via the
same hydrophobic collapse often seen for helical proteins
[10–14]? Would hydrophobic collapse provide the
polypeptide chain with enough protection from intermole-
cular association, or are other structural intermediates (for
example, α helices) populated before β-sheet formation
[15,16]? Do specific clusters of residues have a role in
nucleating folding [17,18]? What are the roles of specific
tertiary interactions in determining the native structure?
When do hydrogen bonds form, and how cooperative is
the process?

CRABPI is a 136-residue cytoplasmic protein consisting of
a 10-stranded β-clam structure and a small segment of
helix–turn–helix (Figure 1); there is a large central cavity

inside the barrel [19] that is solvent-filled in the apopro-
tein structure [20]. It is a member of the large family of
intracellular lipid-binding proteins (iLBPs), all of which
fold into strikingly similar native structures despite
sequence homology ranging from 18 to 80% [21]. Consis-
tent with this sequence variability, CRABPI is very toler-
ant to amino-acid substitution while retaining its native
structure and binding ability [22,23]. CRABPI has no
disulfide bonds, cofactors, or post-translational modifica-
tions, and the equilibrium folding behavior of apo-
CRABPI is well characterized [24]. The amino acid
sequence contains three tryptophan residues, at positions
7, 87 and 109.

CRABPI provides several distinct advantages as a protein
folding model. Its simple single-sheet architecture facili-
tates interpretation of folding results. For example, our
laboratory has demonstrated that chain topology develops
almost a full order of magnitude faster (τ ~ 200 ms) than
the formation of the native hydrogen-bond network
(τ = 1 s) [25]. The three tryptophan residues in the
sequence are at structurally distinct locations, thereby pro-
viding three regiospecific structural probes for fluores-
cence studies. The inherent tolerance of the structure to
amino acid substitutions [22] permits complete deconvo-
lution of the fluorescence signals during folding by the
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construction of variants containing a single Trp. Note the
unique environments of these tryptophan residues
(Figure 1). Trp7 is completely buried and is in close
contact with the sidechains of several non-polar, non-aro-
matic residues and with the sidechain of Arg135; an aro-
matic residue at position 7 is conserved throughout the
iLBP family, as is the specific contact between the N- and
C-terminal strands mediated by Arg135 [21]. Trp87 is the
most exposed of the three tryptophan residues, with 30%
of its surface area in contact with the solvent. One side of
the ring structure, however, is near to the sidechains of
two phenylalanine residues. Trp87 is not as well con-
served as Trp7, appearing only in CRABP (I and II) and
cellular retinol-binding proteins (CRBPI and II). Trp109
is almost completely protected from solvent and points in
towards the ligand-binding cavity; it interacts with three
phenylalanine sidechains, and is close to the sulfur of
Cys95, which lies over the indole ring. Conservation of
Trp109 is identical to that for Trp87.

Our laboratory has previously reported the construction of
‘kinetic folding spectra’ derived from stopped-flow fluores-
cence (SF-Flu) data collected during the folding of wild-
type CRABPI [26]. SF-Flu traces were acquired at seven
discrete wavelengths, and these data were used to con-
struct full spectra during the folding process. Each trace
showed the existence of three observable phases (at 0.1 s,
1 s and ~20 s), plus at least one additional phase during the
dead time of the stopped-flow mixing. Examination of the
full emission spectrum during folding clearly demonstrated
that the dead time changes place one or more tryptophan
sidechains in a more hydrophobic environment than is
experienced in the unfolded protein, and suggested that

the dead-time folding process is accompanied by concomi-
tant rearrangement of all three tryptophan environments.

Because of the presence of three tryptophan residues, the
overlapping wild-type fluorescence results provided only
some general characteristics of the folding intermediates.
The relative contributions of each tryptophan residue to
specific folding phases remained unclear, and it was not
possible to determine with certainty which parts of the
amino acid sequence were involved in each phase. An
initial series of single-Trp substitutions [26] indicated the
relative contributions of each tryptophan residue to the
native fluorescence spectrum. We speculated that the
early increase in fluorescence intensity arose from seques-
tration of Trp7, which has the greatest contribution to the
low-wavelength side of the native fluorescence spectrum.

In the present study, we have further dissected the trypto-
phan spectral contributions by constructing stable, well
folded CRABPI variants containing only one tryptophan
residue. SF-Flu studies of these proteins have enabled
complete deconvolution of the fluorescence of CRABPI
during folding. From kinetic traces and spectra collected
during the folding of these mutant proteins, each fluores-
cence phase observed during wild-type CRABPI folding
was assigned to the evolution of a specific interaction (or
set of interactions). We have also collected stopped-flow
circular dichroism (SF-CD) traces at multiple wavelengths
during folding in order to determine the time scales for
the formation of secondary structure and a tertiary aro-
matic interaction. Together these results have provided a
much clearer understanding of the structure present at
each stage of the CRABPI folding process, and suggest a
general mechanism for folding of antiparallel, up-and-
down β-barrel structure, such as that in the iLBP family.
This involves initial hydrophobic collapse, followed by
formation of a solvated state with native-like topology but
without stable hydrogen bonds, and then cooperative
development of the stable hydrogen-bonding network and
tertiary packing.

Results
Single-Trp mutant proteins have unaltered CRABPI
structural characteristics
Expression and purification of mutant proteins
All single-Trp mutants were constructed in a pseudo-wild-
type CRABPI background (WT*) that contained an
Arg131→Gln mutation for increased stability [22] and an N-
terminal His tag to facilitate purification (see Materials and
methods for a complete description of CRABPI constructs).
WT* overexpressed well in Escherichia coli, partitioning to
the cytoplasm; purification was therefore a one-step process
using a Ni-NTA column (see Materials and methods). A
typical yield for purified WT* was 35 mg/l cell culture.
Although expression levels for each Trp-mutant protein
were similar to that of WT* (data not shown), the yield from
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Figure 1

Ribbon diagram of the crystal structure of apo-CRABPI, from
Thompson et al. [20]. The locations of the three tryptophan residues
are shown in red.



the refolding step varied. A high yield of refolded protein
was used as a criterion of mutant protein stability when dis-
criminating between two potential versions of a particular
single-Trp CRABPI variant (Table 1); for example, prepara-
tion of proteins containing only Trp7 (Trp87 mutated to
either Phe or Tyr, Trp109 mutated to Tyr) resulted in
refolded solutions that were either almost transparent
(W87F) or virtually opaque (W87Y). Such a dramatic differ-
ence in refolding characteristics was not expected for two
constructs with slight differences in only one residue loca-
tion that is 30% exposed in the crystal structure of CRABPI
[19]; it suggests that the W87Y-containing protein is much
more prone to aggregation, presumably because of changes
in the structural nature of the folding intermediates, or of
their lifetimes during the folding process, or slight alter-
ations in the final native structure. For these reasons, the
Trp7-only construct used for additional studies was
CRABPI-W87F/W109Y/R131Q(His). Using the same
method, the Trp109-only construct selected was CRABPI-
W7F/W87Y/R131Q(His). Typical yields for purified single-
Trp proteins were approximately 20 mg/l cell culture.

CD spectra correspond to β-sheet proteins
Far-UV CD spectra for WT* and the three single-Trp
CRABPI variants all show a minimum at 218 nm and a
maximum at approximately 195 nm (Figure 2), which is
characteristic of proteins consisting largely of β-sheet
structure [27]. In addition, the CD spectrum for WT* con-
tains an inflection at 228 nm. This has previously been
shown to arise from fine details in the tertiary structure
surrounding Trp87 and Trp109 [26]. Not surprisingly, the
spectra for all three of the new Trp-mutant proteins (each
lacking either Trp87 or Trp109, or both) are missing this

inflection. When the proteins are heated, the spectra shift
to a minimum at 203 nm, indicating a completely random-
coil conformation [27].

Ligand binding with WT*-like affinity
Retinoic acid quenches CRABPI tryptophan fluorescence,
which forms the basis of a method for estimating binding
affinities of mutant proteins [22,26,28]. The three single-
Trp CRABPI variants all bind retinoic acid with affinities
comparable to that of WT* (Figure 3); that is, the titration
curve has a break at stoichiometric (1:1) binding, with
additional ligand having a significant, but greatly reduced,
quenching effect (probably due to nonspecific interactions
between the proteins and the highly hydrophobic ligand).
For all four of the mutant proteins assayed, affinities for
retinoic acid binding are not expected to be comparable to
that of the wild-type protein [22], as the mutant proteins
described here all have one of the primary ligand-binding
residues (Arg131) mutated to a glutamine. This modifica-
tion has previously been shown to markedly reduce the
ligand-binding affinity of the protein [22].

Folding/unfolding is cooperative and reversible
Changes in the fluorescence spectra were used to monitor
folding and unfolding transitions of WT* and the three
single-Trp mutant proteins in urea (Figure 4). By this
measure, WT* stability is comparable to that of CRABPI-
R131Q [22], which suggests that the His tag does not
perturb the structure. Each of the mutant proteins
unfolded cooperatively and refolded reversibly, and the
equilibrium data are well described by a two-state folding
model [29]. The exception to this observation was
Trp109-only, which has an equilibrium intermediate at
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Table 1

Construction of CRABPI-WT* and single-Trp variants.

CRABPI construct name Shortcut name† Oligonucleotide used for construction‡ Template DNA

W109Y/R131Q(His) – CGTTGGCCAGCTCTCGGGTGTAGTA- WT*
AGTTTTAGGGCCATCCC

W87F/W109Y/R131Q(His) Trp7-only GCAGTGAATCTTGTTCTCATTCTC- CRABPI-W109Y/R131Q(His)
GAACGTGGGTAAACTCCTGCATTTG

W87Y/W109Y/R131Q(His) – GCAGTGAATCTTGTTCTCATTCTC- CRABPI-W109Y/R131Q(His)
GTACGTGGGTAAACTCCTGCATTTG

W7F/W109Y/R131Q(His) Trp87-only AATTCTCGCTGCTGCGCATCTTGAA- CRABPI-W109Y/R131Q(His)
GGTACCGGCGAAGTTGGGC

W7F/R131Q(His) – AATTCTCGCTGCTGCGCATCTTGAA- WT*
GGTACCGGCGAAGTTGGGC

W7F/W87F/R131Q(His) – GCAGTGAATCTTGTTCTCATTCTC- CRABPI-W7F/R131Q(His)
GAACGTGGGTAAACTCCTGCATTTG

W7F/W87Y/R131Q(His) Trp109-only GCAGTGAATCTTGTTCTCATTCTC- CRABPI-W7F/R131Q(His)
GTACGTGGGTAAACTCCTGCATTTG

†Although all mutant proteins were expressed and purified, only those with shortcut names were subject to detailed analysis. ‡Complementary to
coding strand; the Trp codon is bold. Another primer, complementary to the noncoding strand, was also used.



5.5 M urea. We are unsure at present as to the structural
composition of this intermediate, but its fluorescence and
CD spectra (data not shown) indicate that it does not
contain an appreciable amount of either secondary or ter-
tiary structure. In addition, under the kinetic conditions
used in this study (< 2.4 M and > 5.5 M urea), this inter-
mediate is never significantly populated. Whereas the
single-Trp proteins are significantly less stable than WT*,
all three are stable, completely folded proteins at urea
concentrations up to 0.6 M. Furthermore, the reduced sta-
bility of the mutant proteins with respect to WT* is
accounted for by substantially faster rates of unfolding
with essentially unchanged folding kinetics (see below),
enabling us to use them to dissect fluorescence changes
upon CRABP folding.

Individual tryptophan fluorescence components
The fluorescence emission spectra for the unfolded pro-
teins are similar, each with λmax = 350 nm, indicating that
the environments surrounding the tryptophan residues in
each protein in 7 M urea are comparable to free trypto-
phan in solution (Figure 5a). The spectrum of folded

WT* has a large reduction in intensity and a substantial
(~20 nm) blue shift relative to the unfolded state, identical
to the effect seen for wild-type CRABPI [26], where the
intensity reduction was attributed to fluorescence quench-
ing from residues surrounding Trp109 (Arg111 and Cys95)
and the blue shift was explained by burial of the trypto-
phan sidechains. The three Trp-mutant proteins have
unique fluorescence spectra. Trp7-only has most of its
intensity centered at shorter wavelengths, and Trp87-only
has more intensity at higher (~340 nm) wavelengths, but
both proteins have fluorescence intensity that is enhanced
in the native state as compared with the quenching seen
for WT*. The third mutant protein, Trp109-only, has a
native emission spectrum with λmax shifted by approxi-
mately the same amount as Trp87-only, but there is sub-
stantially less intensity. The sum of the native
fluorescence spectra for the three single-Trp proteins has
a shape almost identical to that of WT* (Figure 5b). This
result argues that the local environments around the tryp-
tophan residues are unchanged relative to WT* and,
therefore, that the mutant proteins have the same struc-
ture as WT*. The only significant difference between the
spectrum of native WT* and the summed spectrum is that
the latter has much greater overall intensity, indicating
that there is energy transfer between the tryptophan
residues in WT* [30].
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Figure 2

Far-UV CD spectra for WT* and single-Trp CRABPI variants. For each
spectrum, protein concentration is 10 µM and the buffer is 10 mM
sodium phosphate, pH 8.0, with 300 µM dithiothreitol. Spectra were
collected at 5°C, and were baseline-corrected by subtracting a blank
spectrum. A single spectrum is shown for denatured WT* (dotted line)
at 80°C; spectra for denatured single-Trp proteins were equivalent.
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Figure 3

Fluorimetric titration of WT* and single-Trp CRABPI variants with
retinoic acid. Normalized fluorescence emission intensities are
shown for each protein (1 µM) at 326 nm in 10 mM Tris pH 8.0 at
room temperature, in the presence of increasing concentrations of
retinoic acid.
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The fluorescence spectrum for each of the native single-
Trp proteins (Figure 5a) also provides evidence of the envi-
ronment surrounding each of the three tryptophan residues
and correlates well with structural evidence gleaned from
the crystal structures of CRABPI [19,20]. For example, the
strong blue shift and high intensity for Trp7-only shows a
tryptophan that is in a highly apolar and largely buried envi-
ronment [31]. Trp87, in contrast, appears to have less
solvent protection, as evidenced by its smaller blue shift,
but still has a large intensity increase compared with the
denatured spectrum (probably attributable to the two
phenylalanine sidechains in contact with one face of the
tryptophan sidechain). Trp109 has very little fluorescence
in the native state, nor is the residual signal shifted much
from the denatured λmax, consistent with the close proxim-
ity of the tryptophan sidechain to the sidechains of Arg111
and Cys95. In addition, we have recently constructed a
C95A mutant protein that clearly shows that the proximity
of the Cys95 sidechain is the major factor in the quenching
of Trp109 fluorescence (S. Eyles and L.M.G., unpublished
results). These results were expected on the basis of our
initial mutagenesis results [22,26] and reinforce the notion
that these new mutant proteins, while now several steps
removed from the original wild-type CRABPI, retain the
overall native structure of CRABPI and, more importantly,
retain the elements of the microenvironment surrounding
each tryptophan residue.

Stopped-flow fluorescence at multiple emission
wavelengths
SF-Flu of WT* folding shows kinetics that are virtually
identical to wild-type CRABPI folding kinetics [26];

SF-Flu of the single-Trp proteins gives different results,
depending on which tryptophan is present during folding
(Figure 6). Kinetic traces were analyzed by fitting to a
summed exponential equation, with the quality of fit
determined by the randomness of residuals. Application of
an autocorrelation function to the residuals demonstrated
that a three-exponential fit had the highest randomness,
indicating that the fluorescence change proceeds through
three observable phases, with distinct time constants and
amplitudes (Table 2). Also, there is an early dead-time
change in the fluorescence spectrum that occurs before
the first observable SF-Flu points. The folding of Trp7-
only proceeds via a large dead-time change, which greatly
increases the fluorescence intensity as well as shifting the
λmax by greater than 10 nm (Figure 6). The observable
kinetic phases for Trp7-only are comparable to those for
WT*; there are three phases, with a similar distribution of
amplitudes (Table 2). Trp87-only, however, has a small
dead-time fluorescence change, which has minor effects
on the fluorescence intensity and results in a correspond-
ingly small blue shift for λmax. The fluorescence kinetics
contain two observable phases, which correspond to the
two slower phases seen for WT* and Trp7-only. Similarly,
the observable phases of Trp109-only correspond well
with these same two slow phases, but Trp109-only has a
significant dead-time fluorescence change, more compara-
ble to that seen for WT* and Trp7-only. The fluorescence
intensity increases at short wavelengths and λmax drops by
> 10 nm. Trp7 is the only tryptophan that undergoes sig-
nificant environmental changes during all four (dead-time
plus three observable) kinetic phases. Trp87 has a minor
dead-time change, and is largely uninvolved until late
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Figure 4

Urea denaturation of WT* and single-Trp
CRABPI variants. Denaturation was monitored
as the change in the fluorescence emission
intensity of each protein with increasing urea
concentration, at the λmax of each native
protein. Raw fluorescence intensities were
converted to the fraction of unfolded
molecules (FU) using the procedure described
by Pace et al. [39]. F U
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(~1 s) in the progression of folding. Trp109, however, has
an early change in its fluorescence signature but then does
not encounter its final environment until the later phases
of folding.

Whereas the amplitudes of the kinetic phases vary sub-
stantially for the mutant versions of CRABPI, there are no
significant differences between the time constants for
folding of the four proteins (Table 2). Conversely, there
are large differences between the unfolding times (data
not shown). For example, compared with WT* unfolding
(370 s at 7 M urea), the unfolding time scale for the single-
Trp CRABPI variants (1–7 s) is two orders of magnitude
faster. Hence, the decreased stability of the three single-
Trp proteins is reflected almost entirely in changes in the
unfolding rates, enabling direct comparison of the folding
rates for the four proteins.

Stopped-flow CD at multiple wavelengths
The dead-time spectrum
The SF-CD spectrum acquired after the dead time of
WT* folding has substantial CD intensity, yet its shape is
distinct from that of native CRABPI (Figure 7). Moreover,
as folding proceeds to the native structure there continue
to be significant changes in CD at multiple wavelengths
(see below), arguing that the dead-time spectrum is non-
native. The dominant feature in the dead-time spectrum
is a minimum at 215 nm, shifted relative to the 218 nm
minimum seen for the native spectrum. The 218 nm
minimum is diagnostic for β structure, and its movement
raises the possibility that the dead-time intermediate con-
tains other secondary structure, such as increased amounts
of random coil and/or possibly some α helix [15]. The
dead-time spectrum contains a positive CD inflection cen-
tered at 224 nm. This is in contrast to the 228 nm inflec-
tion seen for native CRABPI, which arises from
interactions contributing to the native environments sur-
rounding Trp87 and Trp109 [26]. The inflection of the
intermediate at 224 nm may therefore represent either
modest modifications to the native environments or, alter-
natively, the presence of a totally non-native set of tertiary
interactions. In addition, at low wavelengths (205–210 nm)
the intermediate spectrum does not contain the positive
CD contributions seen for the native spectrum. This lack
of positive CD signal probably reflects an increased per-
centage of ‘random coil’ in the intermediate species.

Kinetics of WT* folding in the observable time range
Kinetic traces at two wavelengths — 205 nm, where ellip-
ticity is positive in native CRABPI, consistent with its sec-
ondary structure content, and 232 nm, the location of the
‘shoulder’ in the native spectrum — are shown in
Figure 8. At each wavelength, attaining native ellipticity
involved only small changes from the ellipticity of the
dead-time intermediate (Figure 7). Fitting the folding
kinetics to a summed exponential equation is not possible
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Figure 5

Fluorescence emission spectra for WT* and single-Trp CRABPI
variants. (a) Spectra under native (N: 10 mM Tris pH 8.0, solid line) and
denaturing (D: 8 M urea, 10 mM Tris pH 8.0, dotted line) conditions. All
spectra were collected at room temperature, with excitation at 280 nm.
Protein concentrations were 6.7 µM. (b) Comparison of the native
fluorescence emission spectrum of WT* with a spectrum summed from
the spectra of the three single-Trp proteins.
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given the low signal-to-noise levels. Qualitatively, however,
the lower-wavelength kinetics (205 nm) appear to be dom-
inated by a 100 ms phase, while higher-wavelength kinet-
ics (232 nm) suggest near-equal contributions from 100 ms
and ~1 s phases (Figure 8).

Discussion
The SF-Flu and SF-CD results described here have
refined our understanding of the pathway by which
CRABPI folds to its native state structure and have pro-
vided several clues as to the nature of the intermediates
populated during folding. Our current model (Figure 9)
incorporates the kinetic findings detailed above.

Folding is initiated via a global hydrophobic collapse
Evidence for a global hydrophobic collapse comes from
the dead-time fluorescence changes seen for all three

tryptophan residues. Even Trp87, which does not experi-
ence much dead-time intensity change, has an observable
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Figure 6
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Trp109-only
340 nm

Trp87-only
333 nm

Trp7-only
322 nm

Wild type*
Total fluorescence

Kinetics of folding for WT* and single-Trp CRABPI variants. (a) Total
fluorescence (WT*) or single-wavelength traces (single-Trp proteins) at
the λmax of each native protein. The relative intensities for native (N)
and denatured (D) protein are indicated. (b) Constructed kinetic

spectra, in red, with the native and denatured emission spectra
described in Figure 5b (in black). Spectra were constructed at 10 ms
(dotted red line), 100 ms (dashed red line) or 1 s (solid red line) after
the initiation of folding.

Table 2

Summary of stopped-flow kinetic constants for the folding of
wild-type and mutant versions of CRABPI monitored using
fluorescence.

Dead-time Fast phase Medium phase Slow phase

Experiment phase τ (ms) ∆A (%) τ (ms) ∆A (%) τ (ms) ∆A (%)

Wild type ++ 100 70 1.2 15 20 15

WT* ++ 200 80 1.1 10 18 10

Trp7-only ++ 200 70 1.2 15 15 15

Trp87-only + – – 1.0 60 16 40

Trp109-only ++ – – 1.1 70 13 30



blue shift in λmax, indicating that it (as well as the other
two Trp residues, which have larger λmax shifts) is rapidly
sequestered in a protected, hydrophobic environment.
This early collapse increases Trp109 fluorescence to
levels greater than those seen for native CRABPI, suggest-
ing that burial of this tryptophan occurs before formation
of interactions that lead to fluorescence quenching.

From the CD spectrum, it is clear that substantial sec-
ondary structure develops within the dead time, yet the
locations of the CD bands suggest that the intermediate
structure differs from that seen for native CRABPI, possi-
bly by containing non-native helical elements but more
probably due to additional random-coil contributions to
the spectrum. This agrees well with evidence that the
helix–turn–helix forms first during hydrogen/deuterium
exchange/folding competition experiments (Z.P. Liu,
J. Rizo and L.M.G., unpublished results), and the report
that a peptide corresponding to the helix–turn–helix
adopts to a significant extent a native-like conformation in
aqueous solution [32]. The presence of a long-wavelength
(224 nm) inflection indicates that the tryptophan environ-
ments are specific in the intermediate, and potentially
packed with other aromatic sidechains, as this is the most
typical cause of such CD bands [27]. Yet the displacement
of the inflection relative to the native state (228 nm)

demonstrates that the tryptophan environments do not yet
contain all of their native components. A picture emerges
of an early ensemble of structures, hydrophobically col-
lapsed with the tryptophan sidechains sequestered from
solvent and packed against other aromatic residues, and
with a large amount of secondary structure, yet lacking the
specific tertiary interactions that define the native state of
CRABPI.

Folding proceeds through a step that alters the
environment surrounding Trp7
The next step in folding (τ = 200 ms for WT* family;
100 ms for WT) comprises the bulk (70%) of the observed
fluorescence change for Trp7, and therefore is likely to be
the point at which the sidechains of specific residues sur-
rounding Trp7 in the native structure, including Arg135,
approach this tryptophan sidechain. Hence this phase
probably consists of the docking of the N- and C-terminal
β strands. Interestingly, neither Trp87 nor Trp109 under-
goes fluorescence-observable changes on this time scale;
while this does not mean that there are no structural
rearrangements in the neighborhood of these residues, it
does indicate that any such adjustments do not have an
effect on the overall nature of the environment surround-
ing Trp87 and Trp109. These results are interesting in
light of the SF-CD kinetics. At the shorter wavelengths
that reflect the β-sheet nature of the protein, it appears
that the native secondary structure of CRABPI is develop-
ing on a 100–200 ms time scale. It should be emphasized
that these structural arrangements are not evolving from
denatured CRABPI, but rather from a dead-time popula-
tion which already contains a substantial amount of sec-
ondary structure and a sub-native arrangement of the
tryptophan environments. Hence the 100–200 ms phase
may not reflect de novo β-sheet formation per se, but rather
the arrangement of segments of preformed disorganized
secondary structural elements into native β structure with
proper topology. This is consistent with our previous
finding that the central ligand-binding cavity of CRABPI,
which is formed by the arrangement of the β strands,
develops with a time constant of 200 ms, almost a full
order of magnitude faster than the stable hydrogen-bond
network of the β clamshell [25].

The environments of all three Trp residues change as they
develop native tertiary contacts
In the next phase of folding (1 s time constant), the envi-
ronments of all three Trp residues change to different
degrees. At each position, the λmax shifts to shorter wave-
lengths and the fluorescence spectrum gains more native-
like intensity. Trp7 is already in a locale much like that in
the native state, and presumably is experiencing minor
adjustments of the positions of neighboring residues. Con-
versely, this folding phase represents the major portion of
the observed fluorescence change for both Trp87 and
Trp109 (60 and 70%, respectively). As a result, it is likely
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Figure 7

CD spectrum of the dead-time (approximately 10 ms) intermediate of
CRABPI folding (filled circles). The error for each point is equal to
twice the size of the circle. Native and denatured CRABPI CD spectra
are shown for comparison. It was not possible to collect the denatured
spectrum below 216 nm because of the large absorbance of urea at
lower wavelengths. All three spectra have been subtracted from
appropriate blank spectra.
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to be the step at which Trp87 makes contact with the aro-
matic sidechains that are native-state neighbors, and
Trp109 encounters its distinct native environment,
including proximity to Cys95 in the neighboring strand.

Consistent with this explanation, we have previously
demonstrated that the native protection from hydrogen
exchange (indicating the formation of a stable hydrogen-
bonding network) for amide protons in the β strands
develops cooperatively on a 1 s time scale [25]. In addi-
tion, SF-CD experiments at longer wavelengths show an
increased amplitude for the 1 s phase. The longer wave-
lengths often represent bands arising from substantial aro-
matic tertiary interactions, reinforcing the conclusion that
the structural changes that result in the development of
native tertiary interactions surrounding the tryptophan
residues occur on a 1 s time scale.

A minor population of CRABPI experiences a final folding
step
This final folding step (not shown in Figure 9) has a time
constant of > 10 s and arises from CRABPI molecules
undergoing isomerization of one or more proline peptide
bonds [33,34]. Curiously, this isomerization contributes sig-
nificantly to the observed fluorescence amplitude for
Trp87 (40%) and Trp109 (30%) and therefore must require
significant structural rearrangements in the latter half of
the protein sequence. There are three proline residues
within the CRABPI sequence, at positions 39, 85 and 105
(plus another at the N terminus). Late rearrangements at

the Pro85 position have been conclusively shown to be the
cause of the > 10 s time constant in the folding of both
WT* and Trp87-only (S. Eyles and L.M.G., manuscript in
preparation). The proline-derived rearrangements do not
have a substantial effect on the environment of Trp7.

This model for CRABPI folding has illuminated several
steps in the process of forming the native structure. It is
clear that folding is initiated via global hydrophobic col-
lapse, during which substantial structural development
occurs. Large amounts of secondary structure are formed
during the collapse, indicating that the initial condensation
of the chain is a specific structural reaction and not merely
a nonspecific burial of hydrophobic sidechains. It is also
clear that native structural elements develop first in the
proximity of Trp7, on the same time scale as regular
β-sheet secondary structure formation (100–200 ms), and
ligand-binding cavity formation. These stages are followed
by the formation of the remaining specific tertiary interac-
tions (1 s), typified by the Trp109–Cys95 contacts between
neighboring strands of the β-sheet network. Concurrent
with this fixing of the sidechain rotamers, the stable native
hydrogen-bonding network develops cooperatively [25],
leading to the final native structure. Hence, the species
present after 100–200 ms are most likely to contain a sol-
vated or ‘swollen’ β sheet with native-like strand register
but greater than native strand–strand distances.

Although our current conclusions are drawn from
experiments with a single β-sheet topology, they present
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Figure 8

Kinetics of CRABPI folding, monitored by
SF-CD at two wavelengths, 205 and 232 nm.
The total amplitude for each trace represents
only a small fraction of the amplitude between
denatured and native CRABPI.
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intriguing possibilities for the folding pathways of other β-
sheet and cavity-containing proteins. Sheet formation
follows a concerted hydrophobic collapse; yet this ‘col-
lapse’ is to an early intermediate ensemble that already
contains significant structural components. β-sheet sec-
ondary structure forms before the development of specific
tertiary interactions, suggesting that secondary structure
evolves from the earlier, transient, less stable interactions
between amino acid residues. The subsequent evolution of
the bulk of the native fluorescence environment of Trp7
indicates that the surrounding residues (including the
C terminus) are the sites of early stable native structure
formation; similar early docking of the N and C termini is
seen during the folding of cytochrome c [35,36]. Native ter-
tiary interactions and hydrogen bonds [25] develop more
slowly; therefore, while they clearly stabilize the final
folded structure of a protein, these interactions do not

appear to be the driving force behind β-sheet formation.
Future studies on a wide range of simple β-sheet native
structures will test whether these findings are specific for
CRABPI and its β-clamshell family members, or whether
they represent more general mechanisms.

Materials and methods
Construction of CRABPI mutant vectors
To create a His-tagged version of CRABPI/R131Q (WT*), the previ-
ously generated pT7-7/CRABP/R131Q vector [22] was digested with
NdeI and BamHI and subcloned into the E. coli expression vector pET-
16b (Novagen). This vector contains an N-terminal His10 tag and a short
linker with a Factor Xa cleavage site. To create the single-Trp mutants of
WT*, site-directed mutagenesis was performed using the inverse-PCR
method [37]. The oligonucleotides (Life Technologies) and templates
used, as well as the mutants constructed, are shown in Table 1.
Lyophilized primers were dissolved in water to a concentration of
100 pmol/µl and phosphorylated by the following method: the 20 µl
reaction solution (5 pmol/µl primer, 1× kinase buffer (50 mM Tris
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Figure 9
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A model for the folding pathway of CRABPI, derived from the
conclusions of the SF-Flu experiments. (a) General characteristics of the
CRABPI folding intermediates, derived from the wild-type folding data.

(b) A closer examination of the evolution of the native tertiary environment
of each tryptophan residue. The shaded bands and circle represent the
presence of hydrophobic surfaces or clusters. See text for details.



pH 7.5, 10 mM MgCl2, 5 mM dithiothreitol (DTT), 50 µg/ml BSA), 1 mM
rATP, 10 units of T4 kinase (Gibco BRL)) was incubated at 37°C for
1 h, followed by 70°C for 10 min, then chilled on ice to room tempera-
ture. PCR reactions (25 µl) consisted of: 0.4 pmol/µl of each phospho-
rylated primer, 0.2 mM dNTP mix (Gibco BRL), 2 ng template DNA, 2.5
units PfuI polymerase (Stratagene), and 1× PfuI buffer, and were
subject to the following program: denaturation (94°C, 4 min), amplifica-
tion 25× ((94°C, 1 min) (60°C, 1 min) (72°C, 12 min)), and extension
(72°C, 30 min). PCR products were purified on a 1% agarose gel, with
a band corresponding to full-length plasmid (6.4 kb) present as the only
significant product. DNA from these bands was extracted with a
QiaQuick kit (QIAGEN) and resuspended in 50 µl of TE buffer (10 mM
Tris pH 7.5, 1 mM EDTA pH 8.0). Half of the purified PCR product was
ligated overnight at 16°C, and half of the ligation solution was used to
transform E. coli strain DH5α, which was plated onto LB agar contain-
ing 0.1 mg/ml ampicillin. These conditions typically resulted in 5–10
transformants, of which approximately 70% were shown (by DNA
sequencing) to have incorporated the correct mutation and have main-
tained fidelity throughout the rest of the gene sequence. Because the
mutagenesis was carried out using the pET-16b/WT* expression vector
as a template, no additional subcloning steps were necessary.

Protein purification
Expression plasmids containing WT* and mutant CRABPI vectors were
used to transform E. coli strain BL21(DE3) [38]. Cell cultures were
grown and harvested as described [24]. Cell pellets from 1.5 l of
culture were resuspended in 45 ml of SL buffer (50 mM sodium phos-
phate pH 8.0 and 300 mM NaCl), flash frozen in liquid nitrogen, and
stored at –80°C. Thawed cells were lysed by addition of 25 mg
lysozyme (Sigma) and incubated on ice for 30 min. Ten minutes of son-
ication (20 s bursts with 100 s intervals between bursts) was used to
shear the DNA. CRABP-WT* was expressed primarily in the cytoplasm,
while all single-Trp CRABPI mutant proteins were expressed as part of
the insoluble cell fraction. The cell suspension was centrifuged for 30
min at 27000g, and either the supernatant (WT*) or pellet (Trp-mutant
proteins) was subjected to additional purification steps.

For WT*, the supernatant was filtered through a sterile 0.45 µm syringe
filter and applied to a 10 ml Ni-NTA (QIAGEN) column. The loaded
column was washed with 150 ml W buffer (20 mM imidazole, 10 mM
Tris pH 8.0 and 0.5 M NaCl) and eluted with a linear gradient of
20–500 mM imidazole (WT* eluted at ~200 mM imidazole). Fractions
containing WT* were pooled and judged > 90% pure by Coomassie-
stained SDS–PAGE. Pooled fractions were dialyzed extensively
against either 10 mM Tris pH 8.0 or Milli-Q water (Milligen), and either
stored at 4°C for use within two weeks, or lyophilized.

For Trp-mutant proteins, pellets were resuspended in 20 ml U buffer
(8 M urea, 5 mM imidazole, 0.5 M NaCl) and centrifuged at 27000g for
1 h. The supernatant was filtered through a sterile 0.45 µm syringe filter
and applied to a 10 ml Ni-NTA (QIAGEN) column, equilibrated with U
buffer. The loaded column was washed with U buffer and eluted with a
linear gradient of 5–500 mM imidazole. Fractions were pooled and ana-
lyzed as for WT* preparation. Pooled fractions were treated with β-mer-
captoethanol (βME) to a final concentration of 100 mM. Proteins were
refolded by dripping the protein/urea solution from a 10 ml disposable
syringe (plunger removed) fitted with a 0.45 µm syringe filter into 4 l of
rapidly stirred refolding buffer (10 mM Tris pH 8.0, 10 mM βME) at
4°C; the syringe and filter regulated the rate of protein/urea addition
such that each drop was completely mixed with the refolding buffer
before addition of the next drop. After addition was complete, the solu-
tion was allowed to stir overnight and then centrifuged at 23000g for
1 h to remove misfolded aggregates. The clarified protein solutions
were concentrated to approximately 1 mg/ml using an Amicon concen-
trator and dialyzed and stored as described for WT*.

Equilibrium CD and fluorescence measurements
Far-UV CD spectra were collected on a Jasco J-715 spectropolarime-
ter, using a cell with a 2 mm path length and a 1 nm bandwidth.

Steady-state fluorescence measurements were made using a PTI
QM-1 spectrofluorimeter, with excitation at 280 nm (1.5 nm slit width)
and emission from 300–380 nm (3 nm slit width). All fluorescence and
CD spectra were collected at 25°C and corrected by subtracting a
solvent spectrum acquired under identical conditions. Protein concen-
trations and buffer conditions are described in the corresponding figure
legends.

Urea titrations
A series of samples was made containing 0–8 M urea, all with 6.7 µM
protein (diluted from a stock in 10 mM Tris pH 8.0) and 10 mM Tris
pH 8.0. Samples were mixed well and allowed to unfold for ≥ 2 h. Final
conditions for urea refolding samples were identical, except that
100 mM βME was included. Refolding samples were made by diluting
the protein stock solution (in 10 M urea with 10 mM Tris pH 8.0 and
100 mM βME) into refolding buffer, with vigorous stirring, to a variety of
final urea concentrations. Refolding samples were allowed to equili-
brate for ≥ 2 h before fluorescence measurements. For all urea titra-
tions, fluorescence spectra were acquired as described above. 

Retinoic acid binding
The ability of mutant proteins to bind retinoic acid was assayed by the
fluorescence quenching method of Cogan et al. [28]. WT* and Trp-
mutant proteins (1 µM in 10 mM Tris pH 8.0) were excited at 280 nm
and their fluorescence spectra measured from 300–380 nm. Retinoic
acid (RA), prepared in absolute ethanol at several stock concentra-
tions, was added such that the final added volume did not exceed 4%
of the protein solution. RA stock concentrations were determined from
the absorbance at 336 nm (ε = 45,000 M–1 cm–1 [28]).

Stopped-flow fluorescence
Sample preparation was as described in [26], except that 100 mM
βME was included in the folding buffer and unfolded protein stock. The
presence of βME did not alter the folding kinetics of WT*, but did have
an effect on the kinetics of the mutant proteins and was necessary for
complete recovery of the native fluorescence spectrum of Trp87-only.
Presumably, the addition of βME during the folding of Trp87-only
destabilizes a transiently disulfide-bonded intermediate that is not pop-
ulated during the folding of WT*. Final sample conditions were
0.08 mg/ml protein refolding in 10 mM Tris pH 8.0, 100 mM βME with
0.54 M urea. Unfolding data were acquired under identical shot condi-
tions using refolding buffers by diluting the protein from 10 mM Tris
pH 8.0, 100 mM βME (with 2 M urea for WT*) into various concentra-
tions of urea.

Kinetic data were collected and processed as previously described
[26]. Kinetic constants for each trace were obtained by fitting to a
summed exponential equation, with the quality of fit determined by the
randomness of residuals. The fluorescence spectrum of the unfolded
protein, taken in 7 M urea, was corrected, based on the urea depen-
dence of the fluorescence spectrum (see Figure 4 and [39]), to corre-
spond to the spectrum of unfolded protein in 0.54 M urea [39].

Stopped-flow CD
Kinetic CD data were collected via a Bio-Logic SFM-4 stopped-flow
apparatus (Claix, France) attached to a Jasco 715 spectropolarimeter.
Analog signals for both uncorrected CD and PMT voltages were routed
to the Bio-Logic BioKine software for collection. The solution condi-
tions, dilution ratio, and syringe speeds were identical to those used for
SF-Flu experiments [26]. For measuring the dead-time CD spectrum,
the response time on the CD instrument was 125 ms (corresponds to
a time constant of 15 ms), and the bandwidth was set to 2 nm. At each
wavelength, data were collected for 1 s after the initiation of each shot,
with a time constant of 100 ms for each point (that is, 11 points/shot).
Data from two separate shots were averaged, and the voltages from
0.2–0.8 s were then averaged. Complete equilibrium spectra were col-
lected for refolded CRABPI and unfolded CRABPI (in 7 M urea, 10 mM
Tris pH 8.0), using a response time of 4 s and a scan speed of
20 nm/min; five scans were averaged. Both the equilibrium spectra and

Research Paper Single-Trp mutants as probes of β-sheet folding Clark et al. 411



the averaged continuous push spectrum were corrected for solvent
and cuvette contributions by subtracting a corresponding buffer blank
spectrum.

For single-wavelength folding kinetics, the CD instrument was set for a
response time of 8 ms (time constant of 2 ms) and a bandwidth of
2 nm, and data were collected for 20 s after each shot, using a split
time base (10 ms time constant for 1.4 s, 20 ms time constant for
remainder). Approximately 200 shots were averaged for each wave-
length. The averaged kinetic traces were smoothed, using a five-point
base, within the BioKine software package, and converted to ellipticity. 
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