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ABSTRACT. The folding mechanisms of two proteins in the family of intracellular lipid binding proteins,
ileal lipid binding protein (ILBP) and intestinal fatty acid binding protein (IFABP), were examined. The
structures of these afl-proteins are very similar, with 123 of the 127 amino acids of ILBP having backbone
and G conformations nearly identical to those of 123 of the 131 residues of IFABP. Despite this structural
similarity, the sequences of these proteins have diverged, with 23% sequence identity and an additional
16% sequence similarity. The folding process was completely reversible, and no significant concentrations
of intermediates were observed by circular dichroism or fluorescence at equilibrium for either protein.
ILBP was less stable than IFABP with a midpoint of 2.9 M urea compared to 4.0 M urea for IFABP.
Stopped-flow kinetic studies showed that both the folding and unfolding of these proteins were not
monophasic, suggesting that either multiple paths or intermediate states were present during these processes.
Proline isomerization is unlikely to be the cause of the multiphasic kinetics. ILBP had an intermediate
state with molten globule-like spectral properties, whereas IFABP had an intermediate state with little if
any secondary structure during folding and unfolding. Double-jump experiments showed that these
intermediates appear to be on the folding path for each protein. The folding mechanisms of these proteins
were markedly different, suggesting that the different sequences of these two proteins dictate different
paths through the folding landscape to the same final structure.

Protein folding continues to be one of the major unresolved observed during the folding process are caused by these
issues in biochemistry. It is not clear how the sequence of a“trapped” conformation states. This view of the protein
protein encodes the final structure and the mechanism byfolding process does not exclude the classical model, since
which that structure is achieved. Most proteins have beenthere could be proteins that fold via defined structural
shown to approximate a two-state folding mechanism at intermediates. This model emphasizes the enormous variety
equilibrium with significant concentrations of only the of conformations in the unfolded state, and the likelihood
completely native and unfolded states present. However,that this initial structural heterogeneity results in multiple
kinetic studies have shown that many of these same proteingoutes to the native state.

fold via states with Spectral properties unlike those of either One means of experimenta”y examining these models for
the native or the unfolded form. CIaSSica”y, these kinetic protein f0|d|ng is to compare the foiding mechanisms of
states were thought to be caused by the presence of definedtrycturally similar proteins. These studies address a very
structural intermediates on the fOIdIng pathway, which were Simpie question: Do proteins with different sequences
considered necessary for proteins to avoid time-consumingachieve the same final structure in the same fashion?
searches through all the available conformatidi)s ( According to the classical model for folding, the mechanism
Recently, a new conceptual model for folding involving of folding should be evolutionarily conserved, since the
energy “funnels” has been described, and is based onsequence encodes the final structure and the structures of
theoretical studies of simplified models for the energetics the intermediates on the folding pathw&@y-6). The funnel
of protein folding (reviewed in re2). In these models, many  model predicts that related proteins could follow very
potential routes to the native state over a complex energy different paths to the same end state, and thus have different
landscape are possible. Some protein molecules may procee@hserved folding mechanisms. These paths would be caused
directly to the native state without encountering any signifi- py alternative sequences having different structures in the
cant energy barriers or local energetic minima. Other ynfolded state and/or different locally stabilized structures
molecules are trapped in a variety of metastable conforma- acting as folding initiation sites.
tions that must be partially or completely rearranged before

. ) : Nt The few previous studies of the folding of structurall
the native structure can be obtained. The multiphasic klnetlcsh P 9 y

omologous proteins have led to the generalization that
proteins with similar structures have similar folding mech-
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structural properties might constrain the energy landscapesthe Insightll software suite (MSI Inc.), excluding insertions
for the folding of different proteins in the same family to in either sequence. Pig ILBP is 71% identical and 88%
the same path. This paper compares the folding mechanism$omologous to rat ILBP, the protein used in this study. Since
of two proteins, intestinal fatty acid binding protein (IFABP) the structures of much more widely variant sequences in the
and ileal lipid binding protein (ILBP) from the intracellular iLBP family are similar, it is unlikely that there are any
lipid binding protein family (iLBPs). The iLBPs are a family  significant structure differences between pig ILBP and rat
of small hydrophobic ligand binding proteins (146 kDa, ILBP.
127-136 amino acids) that function in the intracellular ReagentsUrea stock solutions (approximately 10 M) were
trafficking of small amphipathic ligand4®). These proteins  prepared as previously describe20), Actual denaturant
have very similar structures, consisting of 10 antiparallel concentrations were determined by refractive index measure-
p-strands and 2 shoui-helices (3), but differ in tissue ments with a Milton Roy Abbe-3C refractometer at 25
distribution and ligand specificityl@, 13). The S-strands (28). All solutions contained 75 mM NacCl, 0.1 mM EDTA,
are organized into two nearly orthogoabheets surround-  and 25 mM NaHPO, (pH 8.0) and were filtered through a
ing a large internal ligand-binding cavity. Ligand binding 0.22um membrane. DTT (0.1 mM) was added to the urea
has little effect on the overall structure of these proteirsy. ( and buffer solutions immediately before use in experiments
None of these proteins have disulfide bonds, and all of the involving ILBP. Unless otherwise denoted, all chemicals
prolines are in the trans configuration in the native structures. were reagent grade.
Despite their similar structures, proteins in this family have  Equilibrium StudiesUnfolding transitions were monitored
degrees of sequence identity as low as 15% (data not shown)by circular dichroism and fluorescence spectroscopy as a
As such, these proteins are ideal for testing the hypothesisfunction of denaturant concentration. A Jasco J-710 spec-
that proteins with similar structures but low degrees of tropolarimeter was used to follow the change in secondary
sequence identity will have similar folding mechanisms.  structure in the far-UV portion of the spectrum using a
No stable intermediates were detected by circular dichro- thermostated 0.1 mm cell at 2&. Fluorescence changes
ism (CD), fluorescence, or absorbance measurements duringvere followed with an Aminco-Bowman Series 2 lumines-
the unfolding of several members of this family at equilib- cence spectrometer with excitation at 290 nm (2 nm band-

rium (14—17). However, stopped-flow fluorescence and CD

pass) and emission at 327 nm (8 nm band-pass) 1 cm

experiments showed that at least one intermediate state waghermostated cell at 25C.

present on the unfolding and refolding pathways for several

of these proteinsl@—20).

MATERIALS AND METHODS

Protein Source and PurificatiofRecombinant IFABP was
produced and isolated frofscherichia colias previously
described Z1—-23). Recombinant ILBP was found in the
cytoplasm ofE. coli, and was extracted from the cells using

Nonlinear least-squares fits to the equilibrium data were
generated by using KaleidaGraph (Synergy Software) in
conjunction with an equation adapted from Santoro and
Bolen @9) as previously described 4, 20). All fits were to
a minimum of two independent data sets.

Integrated Stopped-Flow Fluorescence Kinetic Studies
The kinetics of both unfolding and refolding were followed
by fluorescence using an Applied Photophysics DX-17MV
stopped-flow spectrophotometer. Excitation was at 290 nm

a French press (22, SLM Instruments). Following centrifuga- (2 nm band-pass) using a 0.2 cm path length. The emission

tion to remove membranes and cellular debris, the superna-

intensity was monitored above 305 nm at°3@rough a

tant was subjected to ammoni_um sulfate preci_pitati_on. The WG305 Schott glass filter (Oriel) at 25C. Five parts of
supernatant of a 60% ammonium sulfate fractionation was yanaturant solution were mixed with 1 part of protein

dialyzed against 20 mM Tris-HCI and 0.1 mM DTT (pH
8.0). The dialysate was loaded or& Q Sepharose Fast Flow

solution. For each urea concentration, five to seven transients
were averaged. The dead time for this instrument was

(Pharmacia) ion exchange column equilibrated with dialysis yatermined to be 510 ms 20). Data collected in this range

buffer and eluted with a linear gradient of 20 mM Tris-HCI,
50 mM NacCl, and 0.1 mM DTT (pH 8.0) to 20 mM Tris-
HCIl, 500 mM NaCl, and 0.1 mM DTT (pH 8.0). The

were discarded from the analysis. The program supplied by
Applied Photophysics was used to determine the nonlinear
least-squares fit of the integrated fluorescence kinetic data

fractions containing ILBP were concentrated using an 4, monophasic, monophasic plus steady state, and biphasic
Amicon concentrator and resolved on a G-50 Sephadexdecay equations 20). Published criteria were used to

(Pharmacia) column equilibrated with 20 mM Tris-HCI, 5
mM NaNs, and 0.1 mM DTT (pH 8.0). ILBP was delipidated
as previously describe®4). The protein purity was dem-
onstrated by the presence of a single band on-SP&SGE.
An extinction coefficient of 0.87 mg cm™* at 280 nm was
determined for ILBP 25).

Structural AlignmentThe structures of pig ILBP26) and
rat IFABP @27) were aligned using the superimpose tool in

1 Abbreviations: CD, circular dichroism; iLBPs, intracellular lipid
binding proteins; ILBP, ileal lipid binding protein; IFABP, intestinal
fatty acid binding proteinAGh,0, free energy of unfolding in the

absence of denaturant; rmsd, root-mean-square difference; CRABP |

cellular retinoic acid binding protein I; CRBP I, cellular retinol binding
protein II.

determine the goodness of fit to the various mod26; 80,
31).

CD Kinetic StudiesThe kinetics of unfolding and refold-
ing of ILBP and IFABP were monitored with the Jasco J-710
spectropolarimeter using an RX1000 stopped-flow apparatus
(Applied Photophysics) as previously describ@@)( Five
parts of denaturant was mixed with one part of protein, and
intensity changes were monitored at 218 nm. Five to seven
transients were averaged for each final concentration of urea.
Fitting was carried out as described above for stopped-flow
fluorescence.

Fluorescence Spectral Kinetic Studidhe Applied Pho-
'tophysics DX-17MV stopped-flow apparatus was adapted
for the study of time-dependent fluorescence spectral changes
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Ficure 1: Ribbon drawing showing the backbone tracing and sequence location of the tryptophans of ILBP and IFABP. The strands and
helices are labeled on the ILBP structure.

by replacing the WG305 cutoff filter with a high-efficiency Simulations of Protein Folding and UnfoldingINSIM
monochromatorZ0). The excitation wavelength was 290 nm (32) was used to simulate the rates and amplitudes expected
(9 nm band-pass). Kinetic time courses of the change in for the double-jump unfolding experiments described above.
intensity during unfolding or refolding were collected for The simulations were based on a simple model for folding
each 10 nm interval (9 nm band-pass) over a wavelengthhaving one intermediate state.

range from 310 to 400 nm. Five to seven transients were

averaged at each wavelength. For both unfolding and Scheme 1

refolding experiments, 5 parts of denaturant was mixed with ko ok

1 part of protein solution (0.52 mg/mL, final concentration). U—I—N

Final urea concentrations were 5.06, 5.88, and 6.73 M for
unfolding and 1.05 and 2.01 M for refolding experiments.
Extensive controls were performed using the reaction of
N-acetyltryptophanamide witN-bromosuccinimide in urea

to confirm the correct operation of the instrument and to
ensure that no mixing artifacts were presezi))(

GLint software (Applied Photophysics) was used to In K = In kg + (M/RT)[D]
globally fit the kinetic spectral dat2(Q). This program allows
the entry of models that describe potential reaction mecha-wherekp is the folding rate at some denaturant concentra-
nisms and optimizes the kinetic rates and amplitudes thattion, K is the rate for that stept & M denaturantn/RT is
describe the transition at each wavelength by nonlinear least-the slope from a plot of Ik versus [D], and [D] is the
squares regression. The program produces goodness-of-filenaturant concentration.
parameters and residual plots of the kinetic data at all In the case of ILBPki, k;, and the amplitudes of the
wavelengths and times to assess the accuracy of the modelrefolding phases were known from the single-jump experi-
Fluorescence Double-Jump Kinetic Studigke Applied ments. The population of each state was calculated for any
Photophysics DX-17MV stopped-flow system was adapted 'efolding time from these parameters. For IFABRjs not
to carry out sequential stopped-flow mixing. Excitation was Known, because the intermediate state is formed very rapidly
at 290 nm, and the emission intensity was monitored above©" this rate is masked by the presence of a burst phase during
305 nm as described above. Five parts of buffer solution "€folding. Howeverk; is known, and the population of the
was mixed with 1 part of unfolded proteim i7 M urea native state was predicted from this rate for any refolding

(initiating folding) and the mixture held in a 118. aging time.

loop. Denaturant from a second set of syringes was mixed RESULTS

with the solution from the aging loop at a ratio of 7:2 after

specific delay times and injected into the observation cell ~ Structure and Sequence Comparisdie structures of
(initiating unfolding). For each time delay, five to seven ILBP and IFABP were markedly similar (Figure 1), consid-
transients were collected and fit to equations for monophasicering that only 23% of their residues are identical with an
and biphasic transitions. The average and standard deviatioradditional 16% that are similar (Figure 2). Alignments,
of the rates for each delay time are shown. Data collectedincluding additional family members, showed that no resi-
during the dead time of the instrument (35 ms) were dues are identical at any sequence location (data not shown).
eliminated from the analysis. These experiments were lessThe rmsd for the superimposed backbone atoms for 123 of
reproducible than the single-jump experiments described 127 residues of ILBP and IFABP was 1.98 A. The excluded
above, due to technical difficulties associated with multiple residues are shaded gray in Figure 2, and correspond to the
mixing events. The refolding time in the delay loop had to insertion of an additional glycine between stragiifs and

be limited to less than 20 s to avoid artifacts associated with D, a deletion between strand& andpgH, and the addition

the slow mixing of solutions in the delay loop. of a C-terminal alanine for the sequence of ILBP compared

wherek; is the rate for the formation of | from U arld is

the rate of formation of N from I. The rates for the folding
reaction in the delay loop were calculated from the data
shown in Figure 5, assuming that the folding rates show a
logarithmic dependence on urea concentrati@®). (
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Structure <zzmz==RA-===>g===T==> <==Q LI==> <==3B==> <==RC==> <===RD==>
Rat IFABP QEID‘ELZWKVYRNE EKFMEKMGINVVKRKLGAHDNLKLTITQE KFTVKESSNK:FRNID I LGYVD
Rat ILBP YEFESEKNYDEFMKRLGLPDEVIERGRNFKIITEVQQ NFTWSQSYS%GNIMSN {FITIGKE
Homology ol JEE R x Lo . Lo LF KK R . *o0x
Structure <=RE=> <z===fF===> <===BG=F;>,H<===BH=::> <==RT==> <===RT===>

Rat IFABP FAYSLADGTELTGTWTMEGNKLVGKFKRVDNGKELIAVREISGNELIRTYTYEGVEAKRIFKKE-
Rat ILBP CEMQTMGGKKFKATVKMEGGKVVADFP—-~—=—=— NYHQTSEVVGDKLVEISTIGDVTYERVSKRVA
Homology * . oKk E & k% . I S S N

FiGure 2: Structure-based sequence alignment of rat ILBP and rat IFABP. Asterisks and periods denote identical and similar residues,
respectively. Residues that are highly conserved (preser®9df6 of all sequences) throughout the iLBP family are boxed. The gray
shaded areas indicate residues that were excluded from the rmsd calculation. The sequence locations of the strands and helices are shown
above the alignments.

to IFABP. For comparison, the rmsd between the coordinates 1.0f A

for the Gou atoms from the X-ray- and NMR-derived

structures of IFABP was 2.3 A36). ®§ :

Spectral ComparisanThe CD spectra of the unfolded Q 0-6;
proteins were identical (data not shown). The CD spectra of 2 o04f
the native proteins were similar in shape and intensity, but E 025_

the spectrum of native ILBP was blue shifted with a .
minimum at 214 nm in comparison to a minimum at 217 0.0F
nm for IFABP. Minima in this range reflect the extensive
p-sheet structure in these proteil35,(36).

Differences in the fluorescence spectra were observed for
these proteins in both the native and denatured state (data
not shown). The shapes of the spectra were identical for the
denatured proteins with a wavelength maximum at 352 nm,
suggesting that the tryptophans of these proteins were equally
exposed to solvent in the unfolded state. As expected, the
fluorescence intensity of unfolded ILBP was half of that of
unfolded IFABP, since IFABP has two tryptophans whereas
ILBP has only one. The spectrum of native ILBP had a ) o
maximum at 342 nm in comparison to 334 nm for IFABP, FIGURE 3: Unfolding of ILBP (O) and IFABP (J) at equilibrium
Lo . . monitored by (A) CD and (B) fluorescence at 340 nm. The final
|nd|cat|ng'that the single tryptophan of ”-_BP was 'n, amore protein concentrations were 1@@/mL for CD and 1Qug/mL for
polar environment than those of IFABP in the native state fluorescence. The reversibility of ILBP@) by fluorescence is
(37). shown. Lines depict the fit to a two-state model.

Equilibrium StudiesThe unfolding of ILBP and IFABP
at equilibrium with urea as the denaturant was monitored the improvement in the fit of the data to a biexponential
by CD and fluorescence (Figure 3). Data collected by both equation. Two rates were detected during the unfolding of
optical methods fit best to a simple two-state model. All ILBP at all final concentrations of urea (Figure 5). However,
unfolding transitions were completely reversible and showed unfolding transitions observed by stopped-flow CD were best
no protein concentration dependence (data not shown). ILBPfit by a single-exponential equation at each urea concentra-
was less stable than IFABP with a midpoint for denaturation tion. The rate detected by CD was identical to the slower of
of 2.9 M urea compared to 4.0 M urea for IFABP. The free the two rates detected by fluorescence (Figure 5). The initial

Relative Fluorescence

Urea (M)

energies of unfolding in the absence of ureeG(,c) for and final optical signals at a variety of denaturant concentra-
IFABP were similar as determined by fluorescence (5228  tions were used to construct equilibrium unfolding plots for
0.56 kcal motl) and CD (5.86+ 0.43 kcal mot?Y). the stopped-flow instruments (Figure 6). Fits of these data
Somewhat lower\Gy,0 values were determined for ILBP  to a simple two-state model for the unfolding transition
by CD (4.394+ 0.26 kcal mot?) and fluorescence (4.7+ resulted inAG,0 and denaturation midpoint values that were

0.27 kcal mot?). The transitions monitored at other wave- within error of those stated above. These plots were used to
lengths by both methods were virtually identical. Since the calculate the expected amplitude change for any folding or
data fit well to a two-state model, it appeared that only the unfolding transition, assuming a linear dependence of
native and fully denatured forms of ILBP and IFABP were fluorescence intensity of the folded and unfolded states on
present at equilibrium by these techniques. denaturant concentration. The entire expected amplitude
Unfolding Kinetic StudiesA typical transition for the ~ change for unfolding transitions was observed by both CD
unfolding of ILBP as monitored by stopped-flow fluores- and fluorescence. Approximately $20% of the expected
cence is shown in Figure 4. The total change in intensity at @mplitude change was associated with the faster rate of
wavelengths greater than 305 nm was observed. Theseunfolding with the remaining 8685% of the total amplitude
experiments are termed stopped-flow integrated fluorescencechange attributed to the slower rate.
to differentiate them from the stopped-flow fluorescence  During the unfolding of IFABP, two rates were observed
spectral studies. The transition was biphasic, as shown byby integrated stopped-flow fluorescend&,(20). The entire
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Fluorescence

.Residuals

Fluorescence

Residuals

Urea (M)

) ] ) . Ficure 6: Fluorescence signals obtained from unfoldifggnd
Ficure 4: (A) Change in the integrated fluorescence intensity vs @) and refolding [0 and M) stopped-flow integrated fluorescence
time for the unfolding of ILBP. The final concentrations of urea for (A) ILBP and (B) IFABP. Filled symbols are for the initial
and protein were 6.2 M and 0.26 mg/mL, respectively. The dashed fiyorescence signal at the start of the kinetic transition, and open
lines are the values expected for completely folded and unfolded sympols are for the fluorescence signal at the end of the experiment.
ILBP under these conditions. The residuals of the fit to (B) The dashed lines indicate the expected fluorescence intensity of
monophasic and (C) biphasic relaxation equations are shown.  the native and unfolded proteins based on the linear regression of
the native and unfolded baselines. The solid line is the fit of the
data depicted by the open symbols to a two-state model for the
unfolding transition.

Time (sec)

1000

£71.00 0.8[
8k :
Py 0.7
& 0.10% §
§ 0.6
[ L
0.01 PR S [N S NS [N S N SR (T N OO W g 05
0 1 2 3 4 5 6 7 8 9 T
Urea (M) 0.4
Ficure 5: Folding @, A, and®) and unfolding [, A, andO) :
rates of ILBP observed by stopped-flow CD (circles) and stopped- 03—

flow integrated fluorescence (squares and triangles). The final
protein concentration was 0.52 mg/mL for CD and 0.26 mg/mL

for fluorescence. The lines show the comparable rates for unfolding
and refolding by fluorescence for IFABP. The rates observed by
CD for IFABP were identical to the faster rates observed by

fluorescence.

. Residuals

expected amplitude change was observed (Figure 6B). Unlike
ILBP, 75-80% of the expected amplitude change by
fluorescence was attributed to the faster phase with the
remainder occurring at the slower rate. Only one rate was
detected by CD which coincided with the faster of the two Time (sec)

fluorescence rates and accounted for the entire expected Cq:IGURE 7. (A) Change | . . .

- . . o : ge in the integrated fluorescence intensity vs
amplitude Char_lge. A slower rate with as little as 10% of the_ time for the refolding of ILBP. The final concentrations of urea
total CD amplitude change would have been detected if and protein were 1.05 M and 0.26 mg/mL, respectively. The dashed
present20). The rates for the unfolding of IFABP are shown lines are the values expected for completely folded and unfolded
as lines in Figure 5. ILBP unde_r these conditions. The _residuals_of the fit to (B)

Refolding Kinetic StudiesFigure 7 shows a typical monophasic and (C) biphasic relaxation equations are shown.
experiment in which the refolding of ILBP is monitored by change attributed to the slower rate. The amplitudes of these
integrated stopped-flow fluorescence. These data were besphases were independent of final urea concentration. The
fit by a double-exponential equation at each final urea faster of the observed folding rates corresponded to the single
concentration during folding. The entire expected amplitude rate observed by CD for the same transition (Figure 5). The
change was observed (Figure 6A). The faster rate accountecentire expected amplitude change was observed by CD.
for approximately 80% of the expected fluorescence ampli-  During the folding of IFABP, a single phase was observed
tude change, with about 20% of the expected amplitude by both fluorescence and CD at identical rateg @0). The

. Residuals
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Ficure 8: (A) Time-resolved fluorescence spectra for the unfolding of ILBP at final concentrations of 6.77 M for urea and 0.83 mg/mL
for protein. Unfolding was initiated by mixing 1 part of native protein (5 mg/mL) in buffer with 5 parts of a 8.12 M urea solution in buffer.
Two percent of the total collected data are shown as spectral slices at specific times after the initiation of unfolding. (B) The time-
dependent concentrations of the native (solid line), intermediate (dashed line), and denatured (dotted line) states from the fit of the data to
the model N= | = U. (C) The fluorescence spectra of the native (solid line), intermediate (dashed line), and unfolded (dotted line) states
of ILBP during unfolding. (D) The fluorescence spectra of the native (solid line), intermediate (dashed line), and unfolded (dotted line)
states of IFABP during unfolding (final concentrations of 0.52 mg/mL for protein and 7.7 M for urea).

folding of IFABP was 5-fold faster than that of ILBP. The emission fluorescence intensities at specific wave-
Amplitude analysis showed the presence of a burst phaselengths during the refolding of ILBP are shown in Figure
during the folding of IFABP by both optical methods (Figure 9A. At individual wavelengths between 310 and 370 nm,
6B). Unlike ILBP, the amplitudes associated with the burst the refolding transitions were monophasic with rates slightly
and observed phases for IFABP were dependent on the finalslower than the faster rate measured by stopped-flow
urea concentration. As the final concentration of denaturantintegrated fluorescence. The improvement in fit associated
decreased, the amplitude of the burst phase increased andith a biexponential process was not significant. However,
the amplitude of the observed phase decreased (Figure 6B)when the transitions for the individual wavelengths were
The rates for the refolding of IFABP are shown as a line in summed in a manner analogous to the integrated stopped-
Figure 5. flow fluorescence method, the resulting transition was
Wavelength-Dependent Stopped-Flow Fluorescerce. biphasic with rates identical to those determined by the
better characterize the properties of the intermediate statesjntegrated method at that final concentration of denaturant.
the changes in the overall fluorescence spectra were deterThe global analysis of the intensity change at all wavelengths
mined during both the folding and unfolding process. The was best fit by a sequential model including a single
emission fluorescence intensities at specific wavelengths forintermediate. The changes in concentration for the various
the unfolding of ILBP are shown in Figure 8A. Transitions spectral states are shown in Figure 9B. The initial and final
at individual wavelengths from 310 to 360 nm were best fit spectra were those expected for unfolded and native ILBP,
by a biexponential equation, with rate constants identical to respectively, at this final concentration of denaturant (Figure
the rates measured by stopped-flow integrated fluorescenceC). The spectrum of the intermediate state was very similar
for the same change in denaturant concentration. The simplesto that observed during the unfolding of ILBP (Figures 8C
model that fit the data required an intermediate state on theand 9C).
unfolding pathway. An initial rise in the concentration of Very different results were observed for the folding of
the intermediate occurred, followed by the appearance of IFABP (Figure 9D;20). Transitions were monophasic with
unfolded ILBP after a short lag period (Figure 8B). The initial rates identical to those observed by CD and integrated
and final spectra were identical to those of native and fluorescence at all wavelengths. The initial spectrum was
denatured ILBP, respectively, in this instrument. The inter- different from that of the denatured state, and blue shifted
mediate spectrum was similar to that of the native protein and more intense than that of the intermediate observed
with somewhat less intensity (Figure 8C) and is different during unfolding. At lower urea concentrations, the initial
from the spectrum of the intermediate observed during the spectrum became more and more native-like in appearance
unfolding of IFABP, which was similar to that of the (20). The final spectrum was identical to that expected for
denatured protein (Figure 8D). The shoulder in these native IFABP.
emission spectra at 380 nm is due to a monochromator Double-Jump ExperimentsStopped-flow double jump
artifact. methods 88) were used to further characterize the refolding
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Ficure 9: (A) Time-resolved fluorescence spectra for the refolding of ILBP at final concentrations of 1.04 M for urea and 0.83 mg/mL for
protein. Refolding was initiated by mixing 1 part of unfolded protein (5 mg/mL) in 6.25 M urea with 5 parts of buffer. Two percent of the
total collected data are shown as spectral slices at specific times after the initiation of refolding. (B) The time-dependent concentration of
the native (solid line), intermediate (dashed line), and unfolded (dotted line) states from the fit of the data to the motler M. (C)

The fluorescence spectra of the native (solid line), intermediate (dashed line), and unfolded (dotted line) states are shown. (D) The fluorescence
spectra of the native (solid line) and initial (dashed line) states of IFABP are shown with the spectra of the unfolded form of IFABP (dotted
line).

pathway for these proteins. In these experiments, unfolded The presence of a burst phase during the refolding of
protein in urea was rapidly mixed with buffer to initiate IFABP complicated the interpretation of the double-jump
refolding. After a defined period of time, the solution was experiments. The burst phase amplitude accounted for
mixed with a high concentration of urea to initiate unfolding, approximately 60% of the total expected amplitude change
and the unfolding reaction was monitored by stopped-flow during refolding at this final concentration of denaturant.
integrated fluorescence. The rate(s) and amplitudes of theHowever, this burst phase signal during refolding did not
refolding reaction were known from the single-mixing exhibit a corresponding amplitude change during unfolding
experiments described above. Assuming that these proteinst short delay times. A second complication is that only one
follow a simple reversible mechanism with a single inter- rate was observed during the refolding of IFABP, rather than
mediate state present during the folding reaction, the two rates expected for a reversible folding reaction of a
protein having an intermediate on its folding pathway.

It was assumed that the single rate observed during
refolding represents the rate of formation of native protein
the expected populations of the native (N), intermediate (1), from the intermediate state, and that the rate of accumulation

and unfolded (U) states could be calculated by simulation ©f the intermediate state was very rapid and/or masked by
for any specified refolding time. These predicted concentra- the burst phase. Slnc_e the ra_te of ref_oldlng to the_natlve state
tions were compared to the observed concentrations of theséVas known from the single-mix experiments described above,
states as measured by the unfolding reaction. At very |Ongthe amount.of native protein present could be p.redlcted for
delay times (sufficient to allow complete refolding), the rates €ach refolding time, and compared to the amplitude of the
and amplitudes observed during unfolding were identical to first observed unfolding phase (the N to I reaction). Thus,
those from the single-mix unfolding experiments described the measured amplitude of the first unfolding phase for a
above. At short refolding delay times, most of the protein is Particular delay time divided by the amplitude change for
still unfolded, and the remainder will not have proceeded this phase at long refolding delay times is the fraction of
beyond the intermediate state. Therefore, only the rate fornative protein present at that delay time. The close cor-
the conversion of the intermediate to the unfolded state respondence between the predicted and observed amplitude
should be observed at short refolding tim&s)( of the first phase supported this hypothesis (Figure 11B).
In the case of ILBP, where all of the kinetic constants for The amplitude of the second phase observed during unfolding
the folding and unfolding reactions are known, the observed (the | to U reaction) was greater than that expected from the
rates and amplitudes corresponded well to the valuesamount of native protein present at short refolding times
predicted from the simulations (Figure 10). As such, these (Figure 11B). This amplitude was converted to the fractional
experiments support the hypothesis that ILBP folds by a population of the intermediate state in Figure 11C. The
simple reversible mechanism with an on-path intermediate. simplest explanation for these data is that the intermediate

Scheme 2
U=l<=N
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rates of folding at this final concentration of denaturant are 0.90
and 0.20 st. Folding proceeded for the delay times shown, and
the aged solution was mixed with 9.4 M urea (2:7 ratio) to initiate
the unfolding reaction. The final concentrations of urea and protein
after the second mix were 7.0 M and 0.26 mg/mL, respectively.
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bars shown are one standard deviation and may be within the sizeF'GURE 11: Double-jump unfolding of IFABP. One part of 5.52

of the symbol. The lines are the expected rates for the faster (dashed
and slower (solid) unfolding reaction at this final concentration of
denaturant. (B) The observed amplitudes for the fadBrand
slower (&) phases. The lines are the expected amplitudes for the
faster (dashed) and slower (solid) unfolding reactions from simula-
tion of a simple reversible mechanism for folding (N | < U).

state observed during unfolding must accumulate prior to
the production of native protein, suggesting that the inter-
mediate observed during the unfolding of IFABP was on
the refolding path as well, even though it could not be
directly detected by single-jump experiments.

DISCUSSION

IFABP and ILBP are nearly ideal systems for the study
of protein folding. IFABP has no cysteines or prolines,

fng/mL IFABP in 7.26 M urea was mixed with 5 parts of buffer to
nitiate refolding. The concentrations of urea and protein following
this step were 1.21 M and 0.92 mg/mL, respectively. The predicted
rate of folding at this final concentration of denaturant is 7.84.s
Folding was allowed to proceed for the delay times shown, and
the aged solution was mixed with 9.3 M urea (2:7 ratio) to initiate
the observed unfolding reaction. The final concentrations of
denaturant and protein after the second mix were 7.0 M and 0.26
mg/mL, respectively. (A) The observed rates are the average of at
least four transients at each time delay for the fa®¢afd slower

(a) phases. The error bars are within the size of the symbol. The
lines are the expected rates for the faster (solid line) and slower
(dashed line) unfolding reactions at this final concentration of
denaturant. (B) The observed amplitudes for the fa®8rand
slower (a) phases. The lines are the expected amplitudes for the
faster (solid line) and slower (dashed line) unfolding reactions from
simulations. (C) The observed population of the intermediate state.
The line represents the predicted population of the intermediate
state assuming that it is formed only by the breakdown of the native

thereby avoiding the problems those residues can causeyotein during unfolding.

during refolding. ILBP has two prolines (in the trans
configuration in the native state) and one cysteine in its
sequence. Although ILBP and IFABP have very similar
structures, the number and location of tryptophans in the two
proteins are different. In IFABP, W6 is located on the
N-terminal strand of the tog-sheet while W82 is found on
the N-terminal strand of the bottofiisheet (Figure 1). The
sole tryptophan of ILBP (W49) is situated on the upper
f-sheet in the middle of the third strand.

Equilibrium StudiesILBP was significantly less stable
than IFABP. Bile salts, the major ligands of ILBP, are both
larger and more rigid than the fatty acids that IFABP binds
(10, 23). It has been suggested that the hydrogen bonding
network in the-sheet of ILBP may be less stable in
comparison to those of other iLBPs that bind fatty acids.
This destabilization may be necessary to make the overall

structure of ILBP more flexible for it to bind bile salt26).
This additional flexibility did not affect the reversibility of
unfolding of ILBP. Further, no significant populations of
intermediates were detected at equilibrium by optical meth-
ods for either protein.

Folding Mechanism of ILBPMost small, single-domain
proteins exhibit monophasic kinetics during unfoldid@)(
However, this is not the case for any of the iLBPs examined
thus far (4, 16, 17, 20). These proteins exhibit biphasic
unfolding kinetics by fluorescence and monophasic unfolding
kinetics by CD. The kinetic model that best fit the unfolding
data is

Scheme 3
N=I=U
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where N, I, and U stand for the native, intermediate, and The nearly perfect correlation between predicted and mea-
unfolded states, respectively. sured rates and amplitudes in the double-jump unfolding
During the unfolding of ILBP a small amplitude change experiments supported this hypothesis. Thus, the intermediate
was associated with the faster rate observed by fluorescencavas on path and has the structural properties of a molten
(the N to | step). The majority of the fluorescence and all of globule.
the CD amplitude change occurred at a slower rate (the I t0  Folding Mechanism of IFABRN contrast, the intermediate
U step). As such, this intermediate appears to have retainetbbserved during the unfolding of IFABP was not a molten
all of its secondary structure. The fluorescence spectrum of globule, since it had little if any secondary structure as
the intermediate was similar to that of native ILBP but with determined by CD. The fluorescence spectrum of this
a slightly lower intensity (Figure 8C), suggesting that the intermediate was similar to that of unfolded IFABP, although
local environment of the tryptophan was as hydrophobic in jt was slightly blue shifted and slightly more intense. This
the intermediate state as in the native state. Thus, thestructure possessed some tertiary contacts that were the first
unfolding intermediate of ILBP was molten globule-likeL); to form during folding and the last to break down during
it had native-like secondary structure, and the hydrophobic unfolding. Proton NMR studies at equilibrium, under solution
core in the vicinity of W49 was not exposed to solvent.  conditions resulting in completely unfolded structures by
The refolding of ILBP was characterized by a biphasic optical methods, have shown the presence of local and
recovery of the native state fluorescence. A simple model nonlocal hydrophobic tertiary contacts in 434 repres4sy, (

that fit the data well is shown here: bovine pancreatic trypsin inhibitoA6—48), and theo.-sub-
unit of tryptophan synthase49). Previous studies of the
Scheme 4 equilibrium unfolding of 6-fluorotryptophan-labeled IFABP
U=1=N by **F NMR have shown that tryptophan 82 is involved in

a structure that appears to be completely unfolded by optical

The first observed phase accounted for the entire CD andt€chniques 15). The kinetic intermediate observed during
most of the expected fluorescence amplitude change. Therethe unfolding of IFABP may be similar to these NMR-
fore, the first step in the folding of ILBP resulted in an detected structures.
intermediate that had recovered all of its secondary structure The folding of IFABP was also different from that of ILBP
and most of its fluorescence. (20). A burst phase was detected by both CD and fluores-
Slow folding reactions are frequently caused by proline cence. The product of the burst phase has considerably more
isomerization. Varying the amount of time ILBP was in the secondary structure and was much more fluorescent than the
completely unfolded state from 30 & 8 h did not change  unfolded state. The CD and fluorescence spectra of the burst
the amplitudes or rates of refolding (data not shown), as phase product were not that of the molten globule form
would be expected for a proline isomerization-dependent observed at low pH for IFABP, which is not on a productive
reaction 42). The slower rate of refolding was highly folding path (7). The double-jump experiments showed that
dependent on urea concentration, which is not the case forthe burst phase state had no corresponding unfolding reaction.
most proline isomerization-dependent transitioh).(The Hydrogen exchange experiments showed no protection of
rate of refolding was unusually rapid for proline isomeriza- amide hydrogens during the burst phase (data not shown),
tion (extrapolated rate of 1.44%sat 0 M urea), which are  suggesting that any hydrogen bonds made during the burst
normally slower than 0.1 (42). Finally, addition of human  phase were not stable. No amide hydrogen protection was
cyclophilin during refolding under solvent conditions similar observed early in the folding of another member of this
to those used to accelerate the folding of chymotrypsin family, cellular retinoic acid binding protein | (CRABP I,
inhibitor protein Il @3) did not change the observed rates 14). This burst phase may represent the formation of a
or amplitudes during the folding of ILBP. As such, it seems collapsed denatured state, in rapid equilibrium with the
unlikely that proline isomerization was important in the extended unfolded state. At low concentrations of denaturant,
folding of ILBP. the collapsed denatured state is the favored unfolded form
This intermediate state was not an artifact caused by Of the protein. At high concentrations of denaturant, the fully
multiple slowly exchanging native forms of the protein, since extended form is favored. This state would be similar to those
none were detected by NMR@). This state was not caused postulated for cytochrome(50, 51) and ribonuclease A6Q).
by transient aggregatiord4), since varying the protein Only one identical rate was observed by CD and fluores-
concentration over a 7-fold range<{80«M) did not change  cence during the folding of IFABP. Normally, two phases
the rates or relative amplitudes of any of the observed phaseswould be observed for folding reactions involving an
All of the experiments reported here were carried out in this intermediate. However, if the first step (U to 1) is rapid
concentration range. Higher final protein concentrationa compared to the dead time of the instrumes8)( or if it is
uM) did show an additional small amplitude slower phase masked by the burst phase described above, only the second
that might be the result of aggregation. slower phase would be observed. The double-jump experi-
The fluorescence spectral properties of this refolding ments supported this hypothesis. The following mechanism
intermediate were nearly identical to those of the intermediate is the simplest model for the folding of IFABP:
observed during unfolding, suggesting that ILBP follows a
simple reversible folding mechanism: Scheme 6

Scheme 5 DeU=leN

U=U<N where N, I, U, and D stand for the native, intermediate,
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extended unfolded, and collapsed denatured states, respecscheme 7
tively.
It is unlikely that multiple native forms of IFABP were
responsible for the unfolding kinetics since none were . . . . . .
observed by NMR34). Proline isomerization is not involved The first of these |ntermed|ate§],, iis the mtermedlate.
which lacks secondary structure like that observed during

in the folding of IFABP since no prolines are found in its he foldi f h di di i th
sequence (Figure 2). Protein aggregation did not appear tol'€ folding of IFABP. The second intermediate, is the

be involved in these processes since no dependence of th&nolten globule-like intermediate observed during the folding
reaction rates or amplitudes on protein concentration was©f ILBP. 1, accumulates durln_g_the folding of IFABP and
observed over a 20-fold concentration range 88 «M). thus is observed, but is not sufficiently stable to accumulate

The model described here is the simplest that fit the data and is not detect_ed. During the foIding of ILBR.does not
for the folding of IFABP. More complex models could accumulate and is not detected, busistable and observed.

describe the data as well. There may be a direct link betweenAlthough the Same overal! folding path Is l_Jeing followed
the D state and the | state, placing the D state on path, butby both_ protelns,_lntermedlate states with different spectral
the data cannot discriminate between these models. properties ar)q different structures are detected. Different
Hypothesis about the Differences in the Mechanism of solvent condmons_ (pH, temperature, and de_naturants) may
Folding. Despite having such similar native structures, the modulate the stability of intermediates, allowing them to be

intermediates on the folding paths of ILBP and IFABP have ??é?cwd' This thermodi/nam'ic sltabilitydhypothesisl for the:[_
very different spectral and structural characteristics. Similar '©'0/NJ PrOCESS TEPrESeNts a simple one-dimensional energetic

results have been found for two other proteins in this family, 'andscape for protein folding.

U—=1,—1,—N

CRABP | and cellular retinol binding protein Il (CRBP II). Finally, it may be that the folding mechanisms for these
The folding of CRABP | is similar to that of ILBP, and the ~Proteins are truly different from each other. In this case, the
folding of CRBP Il is similar to that of IFABPX6). As such, differences in sequence of these proteins are sufficient to

it appears that there are at least two routes to formation of dictate differg:nt paths from the native.state to the unfollded
the iLBP fold, and that different sequences have a preferenceState and vice versa, perhaps by differences in residual
for one of these routes. The intermediates are unlikely to be structure in the_ unfolde_d state or by different nucleation sites,
a single-conformation state. They are probably an ensemble2Nd are consistent with the landscape model for protein
of structures having a similar structural core for a limited folding (2).
number of residues, with the other residues having many Physical Basis for the Differences in the Folding Mech-
different conformations. This is particularly true for the anism.Although these results favor the landscape model for
intermediate observed during the folding of IFABP and folding, the kinetic data do not indicate the physical basis
CRBP I, since no stable secondary structure was presentfor the observed results. There are no significant differences
One potential explanation for these results may be relatedin topology or total burial of hydrophobic surface among
to the location of the tryptophans in the two proteins. these proteins. However, the structures of these proteins differ
Intermediates can only be detected by stopped-flow fluo- Somewhat in the location of the buried hydrophobic residues,
rescence if their structure contains a reporting group. The @nd the degree of hydrophobicity of these buried clusters.
sole tryptophan of ILBP (Trp49) is situated in a different The hydrophobic core of these proteins is located opposite
structural position in comparison to the two tryptophans thea-helices, between the twisheets (Figure 12). A greater
(Trp6 and Trp82) of IFABP (Figure 1). Therefore, a number of hydrophobic atoms are found in this cluster for
tryptophan at the Trp49 structural location may be necessary!FABP (50 atoms) than for ILBP (33 atoms). The increased
to detect a molten globule-like intermediate. If a single hydrophobicity in this region may be the reason that a state
tryptophan is put into IFABP at a position structurally lacking stable secondary structure was detected for IFABP.
homologous to that found in ILBP, a molten globule-like The less hydrophobic core of ILBP may cause this state to
intermediate might be detected for IFABP as well. Studies Pe less stable, and thus not detectable by stopped-flow
of mutant proteins have shown that only Trp82 was involved Methods.
in the kinetic intermediate observed for IFABP (unpublished ~ Note that the residues that participate in this cluster come
data). As such, placement of a tryptophan at a position in from several strands of both top and bott@rsheets. If this
ILBP structurally homologous to that of Trp82 in IFABP tertiary hydrophobic cluster is the initial site of structure
may lead to the detection of an intermediate similar to that formation in these proteins, a template for the final hydrogen
observed for IFABP. However, site-directed mutagenesis hasbonding network would be present, since the reverse turns
been used to place tryptophans at identical locations in thenecessary to make the correct secondary structure must be
structures of CRABP | and CRBP Il. The location of the present at approximately the correct locations to make this
optical probes did not affect the observed kinetic mechanismscluster. Additional evidence for this type of initiating state
in these proteins (data not shown). As such, this hypothesiswas found by**F NMR studies of the folding of IFABPIE).
seems unlikely to be the cause of the observed differencesThis is a very attractive mechanism for the formation of
in the mechanism of folding. pB-sheet structure, where hydrophobic contacts between
An alternative explanation involves the energetics of the residues that are distant in the amino acid sequence may
unfolding process. A limitation of stopped-flow methods is simplify the search for the final structure of the protesd)(
that an intermediate must accumulate to significant concen- In summary, ILBP was less stable than IFABP and had a
trations to be directly observed. Consider the possibility that molten globule-like intermediate on both its unfolding and
these proteins must pass through two different intermediaterefolding pathway. IFABP, on the other hand, had an
states to arrive at the native structure. intermediate with no secondary structure on its folding
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ILBP

Ficure 12: Hydrophobic clusters of IFABP and ILBP. The
p-strands of the top sheet {iVI) and bottom sheet (\AVIII) are
labeled. Hydrophobic residues within 7.5 A of W82 in IFABP and
V83 in ILBP are shown and labeled. The view is looking between
the sheets with ther-helices projecting toward the viewer (see
Figure 1). The helices and parts of the sheets have been removed 3¢

so that the core can be viewed. Almost all of the atoms in these
side chains are completely excluded from solvent in both structures.
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pathway. These results show that dissimilar sequences can 33.

have different energetic routes to the same final structure.
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