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ABSTRACT: Intestinal fatty acid binding protein (IFABP) is a member of the lipid binding protein family,
members of which have a clam shell type of motif formed by two five-strafidsideets. Understanding

the folding mechanism of these proteins has been hindered by the presence of an unresolved burst phase.
By initiating the reaction with a sub-millisecond mixer and following its progression by Trp fluorescence,
we discovered three distinct phases in the folding reaction of the W6Y mutant of IFABP from which we
postulate the following sequence of events. The first phkse (10 000 s?) involves collapse of the
polypeptide chain around a hydrophobic core. During the second pkasel600 s?), 5-strands B-G,

mostly located on the top half of the clam shell structure, propagate from this hydrophobic core. It is
followed by the final phasek§ ~ 5 s71) involving the formation of the last thrg&strands on the bottom

half of the clam shell and the establishment of the native hydrogen bonding network throughout the protein
molecule.

The protein folding problem is one of the most important form intermediates in which there appears to be little if any
questions in biology. Most folding studies have focused on secondary structur@(9). On the other hand, cellular retinoic
proteins that have predominantiyhelical structures. The acid binding protein | (CRABP 1) and ileal lipid binding
folding of 3-sheet proteins is relatively unexplored, and could protein (ILBP) both display intermediates with native-like
display quite different mechanismd,(2). In a-helical secondary structurd@—13). The cause of the diverse folding
proteins, the structures are stabilized by local hydrogen bondskinetics in this protein family is unknown, in part due to the
between the CO group of residueand the NH group of  fact that the folding reactions of most of these proteins
residuei + 4. In contrastS-sheet proteins are stabilized by display large unresolved burst phasési3, 14).
extensive interstrand hydrogen bonds between residues that As a member of this class, IFABP is an attractive model
are not close in sequence. It has been suggested that the ratéer studying folding of g3-sheet protein as it is relatively
limiting step for folding of 5-sheet proteins involves the small (15.1 kDa) and contains no proline or cysteine residues

formation of$-turns that conne@-strands 8—5). However, that might lead to misfolded structures. During the folding
the folding of mosj3-sheet proteins typically takes more than reaction of IFABP, the unresolved burst phase is followed
a few seconds to completé, (2), although only~10 us is by the formation of the native structure with monoexponen-
required for a model peptide to form the corrg&turn tial kinetics that requires-1 s to complete§, 9). The wild-

structure ). type protein contains only two tryptophan residues at

Members of the lipid binding protein family bind ligands positions 6 and 82. Trp-82 has been proposed to be involved
such as fatty acids, retinoids, and bile salts in their central in forming an early hydrophobic nucleation site that initiates
cavity (6). They have low levels of sequence homology but folding (9, 10, 15). To obtain new insights into the early
virtually identical three-dimensional structures, typified by folding events of IFABP and the role of the putative
the structure of IFABPshown in Figure 17). Prior folding hydrophobic core, we have constructed the W6Y mutant and
studies on the lipid binding protein family have revealed studied its folding kinetics by following the fluorescence
some remarkable differences between the various membersfrom Trp-82 in a home-built continuous flow solution mixer
Cellular retinol binding protein Il (CRBP 1) and IFABP both ~ with a dead time of+100us (16). We discovered two new

phases, thereby resolving the folding of this protein into three
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Ficure 1: (Left) Crystal structure of intestinal fatty acid binding protein (PDB entry Ifjc;The postulated hydrophobic core is shown
as a stick-and-ball presentation. (Right) Dissected smoothed representation of intestinal fatty acid binding prgtestravits, hydrophobic
core residues, and important turn residues labeled.

protein with the appropriate buffer solution in a rapid solution
mixer with a mixing dead time of+100 us. In this rapid
solution mixer, the two parent solutions were pressurized
by a syringe pump and introduced into the T-shaped mixing
nozzle, which is in direct contact with a quartz flow cell
(250 um x 250 um). The detailed characterization of this
mixer was described previouslyl®). The final protein
concentration was 6.6M.

35M

Intensity

The output at 264 nm from a frequency-doubled argon [ R R
ion laser (Coherent) was focused te~80 um spot on the E ‘ L 1
continuously flowing sample in the observation cell. The 0.0 20 4.0 6.0 8.0
tryptophan fluorescence was collected and focused on the [Urea] (M)

entrance slit of a 0.27 m polychromator (Spex) where it was FIGURE 2: Urea titration curve of W6Y-IFABP monitored by
dispersed and then detected by a charge-coupled devicdryptophan fluorescence.

camera (Photometrics). The resulting spectra were not o .
corrected with the instrumental response function, and thusMeasurements, the excitation wavelength was 290 nm with
are red-shifted about 10 nm compared to that obtained from@n €xcitation slit of 2 nm and an emission slit of 8 nm
a spectrally corrected steady-state fluorometer based on thd9 10).

measurements fax-acetyltryptophanamide (Aldrich). The
time-resolved tryptophan fluorescence spectra were obtainecBESULTS

by moving the quartz cell relative to the laser focusing point  As a first step, the equilibrium unfolding curve for the
along the flow dir_ection. The position of _the flow ceI_I was \WeY mutant was determined by following the tryptophan
controlled by a micrometer on a translational stage in such flyorescence in our sub-millisecond rapid mixing apparatus.
a way that an accurate time domain could be calculated fromThese data, shown in Figure 2, give a midpoint of 3.5 M,
the solution flow rate. indicating that the mutant is only slightly less stable than

The stopped flow data were obtained with an Applied the wild-type protein in which the equilibrium midpoint
Photophysics SF17MV stopped flow system. The excitation concentration is 4.1 MY 10). The unfolding curve obtained
wavelength for the stopped flow tryptophan fluorescence with our apparatus is identical to that obtained from steady-
measurements was 290 nm, and the intensity was measuredtate measurements in a conventional fluorometer for this
at 10 nm intervals between 310 and 400 r8n1(0). mutant, demonstrating the reliability of this apparatus.

For the measurement of the unfolding curve, the protein  The first kinetic measurement was carried out in our rapid
in the presence of various amounts of urea was prepared amixing apparatus by a 6-fold dilution of the unfolded protein
few hours prior to the experiments. The resulting protein (in 6.0 M urea) into a buffer solution such that the final
solution was loaded into two separate syringes, pressurizedconcentration of the denaturant was 1.0 M. The kinetic trace
by a syringe pump for introduction into the T-shaped mixing obtained at 330 nm is presented in Figure 3B. These data
nozzle and subsequent passage into the quartz observationan be fitted by a single-exponential growth function with a
cell. The tryptophan fluorescence from the protein was rate constant of~1500 s. The initial value obtained by
recorded as described above. As a comparison, the steadyextrapolating the kinetic trace back to time zero does not
state fluorescence measurements were recorded with ammatch that expected for the unfolded protein at this final
SLM-Aminco Bowman AB2 fluorimeter. For the latter concentration of denaturant, indicating that there is a missing
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Ficure 3: Refolding kinetics of W6Y-IFABP. (A) Plot of the full kinetic trace for the folding of W6Y-IFABP. The fraction of native
intensity is calculated at 330 nm based on the ratid of (u)/(Ir — 1u), wherel, andlg are the fluorescence intensities of the unfolded

and folded protein, respectively. The kinetic trace for the early time regigenis, thick solid line) was obtained from the home-built

rapid solution mixer described in the text. The slower kinetic trace (dotted line) was obtained from conventional stopped flow instrumentation.
The combined data were fit to a biexponential equatiqrs(1500 s, k, = 5 s71, thin solid line). (B) Change in the fluorescence intensity

at 330 nm as a function of time in the early time regime plotted in a linear scale. The initial and final urea concentrations are 6.0 and 1.0
M, respectively. (C) Tryptophan fluorescence spectra of the native state (F), the first folding intermegiia@adlthe second folding
intermediate () and the calculated spectrum of the unfolded state ()M urea. All the spectra were obtained with the sub-millisecond

mixing system and exhibit 10 nm red-shifts compared to those measured in commercial instruments due to the instrumental response
function.

phase within the 10@s dead time of the apparatus. The
final kinetic trace (6 ms) matches that of the burst phase 20" é
intermediate obtained from the stopped flow instrument. The T W
recovery of the native state fluorescence from this burst phase .-
intermediate in the stopped flow can be fitted with a single-
exponential function with a rate of5 s* (Figure 3A). By
combining these results, we concluded that that there are
three distinct phases during folding: a burst phase appearing
in less than 10@s (k; > 10 000 s?) and leading to the first 04l %
intermediate (), a rapid phasek{ ~ 1500 s*) resulting in J ‘ “ ‘ oL
the second intermediate)| and a slow phasek{~ 5 s 1.0 20 3.0 40
terminating in the native state. [Urea] (M)

With a global fit of the fluorescence spectra at various Ficure 4: Refolding rate constants of W6Y-IFABP as a function
delay times, the spectrum gfwas obtained by extrapolating  of final urea concentration.
the kinetic traces back to time zero as shown in Figure 3C.
The spectrum of 4l is significantly different from that To further dissect the molecular mechanism that underlies
expected for the unfolded protein (U), confirming that there the kb — I, transition, a series of kinetic measurements were
is a significant burst phase unresolved in the sub-millisecond made in the sub-millisecond rapid mixer, such that the final
rapid mixer. The change in amplitude of the fluorescence concentrations of the denaturant varied from 1.0 to 3.4 M.
intensity in this missing phase is small (Figure 3C) and The amplitudes at the end of the+ |, transitions (6 ms)
insensitive to the urea concentration in the refolding solution for each final urea concentration matched that of the burst
experiments described below. The spectrumyahiown in phase intermediate (10 ms) obtained in the stopped flow
Figure 3C was obtained at the plateau region of the kinetics experiments §). The kinetic traces fit well to a single-
(see panels A and B of Figure 3). It is again significantly exponential function, and the resulting rate constants are
different from that of the native protein (F), indicating that plotted as a function of the final urea concentration in Figure
the reaction is not yet complete at the end of the kinetic 4. Unlike a typical chevron plot, the rate constants are not
trace shown in Figure 3B. The spectrum pidthe same as  sensitive to the final urea concentration up to 2.5 M,
that of the extrapolated initial spectrum obtained from the suggesting that the rate-limiting step associated with the |
stopped flow instrument, confirming that the end product — I, transition is not related to the burial of the urea sensitive
from the second kinetic phase is the same as the burst phassurfaces. Although the rates of this transition were not
intermediate observed in the stopped flow apparatus (with aaffected by the final urea concentration, as the concentration
dead time of~10 ms). of the urea was increased, the wavelengths of maximal
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> 10,000 s
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Unfolded IFABP (U) Intermediate 1 (1,)

¢ 1500 s

Folded IFABP (F) Intermediate 2 (I,)

FiIGUrRe 5: Schematic representation of the formation of the native conformation of W6Y-IFABP during the course of folding. The structure
of IFABP is illustrated in a dissected smoothed representation for clarity. The Iy transition involves hydrophobic collapse around
residues 47, 62, 64, 68, 82, 84, and 89. In the subsequent phasd), these hydrophobic residues rearrange and the hydrophobic core
becomes more compact. It serves as a nucleation center that facilitates the propagaistranéls B-G toward the opposite end of the
hydrophobic core. During the last phase of folding {+ F), f-strands H-J are formed and the native hydrogen bonding network is
established (indicated as the dotted lines).

fluorescence intensity of both thednd b intermediates were  observed results. A sequential model has been proposed in
red-shifted and the amplitude for the + I, transition the past for another member of the family, CRABP I,
diminished (data not shown). These observations are at-although the details are very different as the rate constants
tributed to the changes in the thermodynamic stability;of | are much slower and the protein displays considerable
and b relative to the unfolded state in the presence of urea. secondary structure immediately upon its collap&s, (

19, 20).
DISCUSSION The fluorescence emission spectrum of the unfolded

protein (U) shows a red-shifted maximum at approximately

Both wild-type IFABP 8—10) and W6Y-IFABP (data not 365 nm, with respect to the value of 345 nm in the folded

shown) fold completely reversibly at equilibrium, although protein (F). It suggests that Trp-82 in the unfolded protein
W6Y-IFABP is slightly less stable. Very similar rates and IS in an agueous environment, in contrast to the hydrophobic
relative amplitudes were observed during the folding and environment in the folded protei21). The spectrum of the
unfolding of these proteins by stopped flow fluorescence, first folding intermediate () exhibits a maximum at ap-
and the intermediate states had very similar spectral proper-Proximately 355 nm and is increased in intensity with respect
ties. Previous studies have shown that the region around Trp0 that of the unfolded protein (Figure 3C). These data
82 may serve as an initiating site for folding (L0, 15). As suggest that the initial phase of folding (& 11), which
such, Trp fluorescence measurements in the W6Y mutantoccurs in less than 10, involves the burial of the Trp-82
protein were used to selectively probe the structural changesresidue in a more hydrophobic environment. Because the
in this region. On the basis of the results, the folding kinetics local sequence around Trp-82 (TGTWTME) is not very

of IFABP are described as three sequential phases as followshydrophobic, this initial collapse must contain residues that
are not local in sequence space. This is consistent with the

previous assumption that the early folding event of IFABP
K, k, K ! . . )

U (365 nm)— I, (355 nm)— |, (345 nm)— F (345 nm) involves hydrophobic collapse surrounding the hydrophobic

core containing Trp-82, Phe-47, Phe-62, Leu-64, Phe-68,

Met-84, and Leu-899, 10, 15). Although this core in thel
The numbers in parentheses indicate the uncorrected maxiintermediate is not as hydrophobic as that in the native
mum of the tryptophan fluorescence peak in the sub- protein, as is evident by the position of the fluorescence
millisecond mixing system (Figure 3C). Although there may maximum, it provides a nucleation center for the propagation
be alternative interpretations of these dafg (18), the simple of the 3-strands during the subsequent kinetic phases. A
on-pathway model presented here fully accounts for the similar nascent phase involving hydrophobic collapse has
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also been proposed for CRABP 13 19, 20), as well as results, we propose that the last phase of the folding reaction
many other protein system$g, 22—29). Thus, hydrophobic  involves the formation of the last thrg&strands on the
collapse may be a universal mechanism by which the bottom half of the clam shell. The rate-limiting step during
unfolded polypeptide reduces its conformational space suchthis phase is the formation of the corr@eturns connecting
that the subsequent folding reaction can be achieved ef-thesef-strands.

ficiently and precisely Z4). In conclusion, we postulate that the folding reaction of
In the second phase of folding; (= I), the emission  |FABP is hierarchical as illustrated in Figure 5. The unfolded
maximum shifts further toward blue from 355 to 345 nm polypeptide first collapses into a semicompact structure
and is associated with an additional increase in intensity. surrounding a hydrophobic core made up of Phe-47, Phe-
The rate of this reaction is 1500’ and it is insensitive to 62, Leu-64, Phe-68, Trp-82, Met-84, and Leu-89. This
the final urea concentration up to 2.5 M as shown in Figure dramatically reduces the conformational space that needs to
4. The extended blue shift in the peak maximum during this be searched such that the proceeding folding reactions can
phase suggests that the hydrophobic residues surroundinge achieved with efficiency and fidelity. In the subsequent
Trp-82 rearrange such that the packing is tighter and morestep -strands B-G propagate out of the hydrophobic core,
native-like. The product of this reaction, has the same  analogous to zippering in interlacing zippers. These zippers
fluorescence spectroscopic properties as the burst phas@re not tightly matched due to side chain interactions, but
intermediate observed in a much slower stopped flow they establish the native topology on the top half of the clam
apparatus. This intermediate has consider@béiieet sec-  shell as well as part of the bottom shell. During the last phase
ondary structure by CD criterid {), although NMR amide  of the folding, this native topology serves as a template for
protection studies suggest that this state does not contain ahe folding of the last threg-strands in the bottom half of
stable H-bonding network (1. J. Ropson, unpublished results). the clam shell, and at the same time, the native hydrogen
Thus, we postulate that during this kinetic phase the ponding network is established through energy minimization
hydrophobic core becomes more compact and native-like, of the side chain interactions.
and -strands B-G (defined in Figure 1) propagate from
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