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ABSTRACT. The structure oEscherichia coliderived rat intestinal fatty acid-binding protein (I-FABP)
exhibits gB-clam topology comprised of two five-stranded antipargilsheets surrounding a large solvent-

filled cavity into which the ligand binds. It also contains twehelices that span residues E1A32 and

join B-strands A and B. This helical domain is conserved in all proteins of this family for which structures
have been determined. In order to assess the structural and functional role of the helical domain, we
engineered a variant of I-FABP by deleting residues-35% and inserting a Ser-Gly linker after residue

14. Circular dichroism measurements indicated that this I-FABP variant, text@dSG, has a high
p-sheet content similar to that of the wild-type protein. Two-dimensional NMR spectka 6fSG revealed
patterns similar to those observed for wild-type I-FABP, except for the selective absence of resonances
and through-space interactions assigned to the helical domain. ATHeSG variant was less stable to
denaturant than wild-type I-FABP, but the foldingnfolding transition was highly cooperative and
reversible. Taking into account the lower stability, the refolding kineticaAd7-SG were essentially
identical to those of wild-type. We conclude the17-SG is a helix-less, essentially glisheet variant

of I-FABP and that the helical domain is not a required element ofstatam topology of I-FABP. In
addition, the helical domain does not appear to serve as a nucleation site for the refolding process. As
shown in the accompanying paper [Cistola, D. P., Kim, K., Rogl, H., & Frieden, C. (1IBi#6hemistry

35, 7559-7565], the helices may function to regulate the kinetics and energetics of ligand binding.

Intestinal fatty acid-binding protein (I-FABPbelongs to
a family of predominately-sheet proteins that bind a diverse
group of polar lipids, such as fatty acids, retinoids, and sterols
(Sacchettini & Gordon, 1993; Banaszait al, 1994;
Veerkamp & Maatman, 1995). To date, the three-dimen-
sional structures of 11 members of this family have been
determined by X-ray crystallography and NMR (Banaszak
et al,, 1994; Haunerlandt al., 1994; Kleyweget al., 1994;
Lassenet al, 1995)? and all exhibit essentially the same
backbone fold. This fold consists primarily of two five-
stranded antiparall@-sheets surrounding a large cavity into t{\
which the ligand binds (Figure 1). DS

Common to these structures is a small helitrn—helix
motif that is interspersed in the sequence between the first
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Washington University School of Medicine, 660 South Euclid Avenue, FIGURE 1: Backbone fold of wild-type intestinal fatty acid-binding
St. Louis, MO 63110. Phone: 314-362-3344 or -4382. Fax: 314-362- protein complexed with palmitate. This ribbon diagram is based
7183. on the 2.0 A X-ray crystal structure (Brookhaven file 2ifb;

® Abstract published iridvance ACS Abstractdday 15, 1996. Sacchettiniet al, 1989) and the NMR chemical shift-derived

_ Abbreviations: I-FABP, recombinant rat intestinal fatty acid- |ocation of secondary structure elements (Hodsebal., 1995).
binding protein;A17-SG, a variant of I-FABP engineered by deleting To generate theA17-SG deletion mutant, amino acids in the
17 residues (E15G31) and inserting Ser-Gly after residue Y14; CD,  q_helical region from residue 15 through 31 (indicated by the
circular dichroism; TOCSY, .two-dlmen5|onéH total correlation arrows) were deleted and replaced by the dipeptide Ser-Gly. The
spectroscopy; NOESY, two-dimensiori#d nuclear Overhauser and  reqyiting mutant protein appears to be an essentially helix-less, all
exchange spectroscopy; HSQC, two-dimensional heteronuclear S'ngleﬁ-sheet variant of I-FABP. The positions of the two tryptophan

guantum correlation spectroscopy; Gdn, guanidine hydrochloride. : - ;
2 : oy i : residues (W6 and W82) are noted. This diagram was prepared using
The NMR solution structure of wild-type I-FABP complexed with éVIOLSCRIPT (Kraulis, 1991),

palmitate has recently been determined on the basis of 3889 distanc

constraints derived from three-dimensiondC- and *N-resolved . s
NOESY data (M. E. Hodsdon, J. W. Ponder, and D. P. Cistola, and secongb-strands. The role of this motif is unknown

manuscript in preparation). except that it serves to cover one end of the ligand-binding
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site. The X-ray crystal structure of apo-I-FABP (Scaptn  for wild-type I-FABP (Sacchettinet al,, 1990) with minor

al., 1992) does not differ significantly from that of the holo- modifications. The mutant protein was overexpressed from
protein (Sacchettingt al., 1992), except for subtle confor- arecA promoter by adding 0.1 mM nalidixic acid. The cell
mational differences involving the helices, the turn between paste was homogenized using a French press and was stirred
pB-strands E and F, and the side chain of F55. Theseat 4 °C while 80% ammonium sulfate solution was added
differences have led to the hypothesis that the helical regionuntil the final concentration reached 50%. The soluble
may be able to form an entry portal for the ligand (Sacchettini fraction of cell lysate in 50% ammonium sulfate was applied
etal, 1992). However, neither structure reveals an openingto a phenyl sepharose CL-4B (Pharmacia) column pre-
large enough to accommodate the entry and exit of the ligand.equilibrated with 2 M ammonium sulfate in 20 mM Tris-

If the crystal structures are representative of the end statesHCI (pH 8.0) and 0.25 mM EDTA and eluted with 20 mM
present in solution, then some type of conformational change Tris-HCI (pH 8.0) and 0.25 mM EDTA. Fractions contain-
must occur to allow the entrance of ligand into the internal ing the mutant protein were pooled and diluted until an ionic
cavity. Although the mechanism for ligand entry remains strength lower than 2.1 mmho was obtained. The protein
unclear, such a conformational change is likely to somehow was bound to Zeta-prep QAE and was eluted by a 0 to 0.2

involve the helical region. M KCI gradient. The pooled fraction was concentrated in
The helical region may also serve an important role in an Amicon ultrafiltration unit using a YM-10 membrane. The
the folding process. As shown elsewhere (Ropsbml, protein was delipidated as described previously (Glatz &

1990), I-FABP can be reversibly unfolded by denaturant. Veerkamp, 1983). The mutant protein appeared as a single
The refolding process appeared to consist of three phasespand on SDSPAGE gels and migrated with the expected
one of which is too rapid to be observed by stopped-flow lower molecular mass (13.3 kDa) compared with that of the
techniques. Since helixcoil transitions are very rapid, it~ wild-type protein (15.1 kDa). The mutant protein was stable,
seemed possible that the most rapid phase could be relate@nd no aggregation was observed during purification and
to the helical region of the protein. A related issue is the storage at 4C.

role that this region might serve in governing the thermo-  Uniformly *3C/**N-enriched I-FABP A17-SG) was bio-
dynamic stability of the protein. synthesized and purified using protocols detailed elsewhere

For these reasons, we deleted 17 residues comprising théHodsdonet al, 1995). The final yield of purified, delipi-
helix—turn—helix domain in an attempt to engineer a helix- dated, isotope-enriched protein was approximately 95 mg.
less, all-sheet variant of I-FABP. The deleted region is A portion of this protein was comp_lgxed ywth a st0|ch|qmetr|c
located between the arrows shown in Figure 1. In order to @mount of perdeuterated palmitic acid, as described by
connect the newly created N- and C-terminal ends, a Ser-Cistolaet al. (1989). .

Gly dipeptide linker was inserted after residue 14. As shown Circular D|chr0|s_m. Spectra were collected using a Jasco
below, this I-FABP variant417-SG) does not exhibit any J600 spectropolarimeter. The path length of the cell was
o-helical characteristics and the oveyaisheet conformation ~ 0-1 ¢m, and the protein concentration was adjusted t0 0.11
is preserved. While this sequence deletion does lower the@nd 0.12 mg/mL for wild-type I-FABP and\17-SG,
midpoint of guanidine denaturation and significantly desta- "espectively. ~All measurements were made in 10 mM
bilizes the protein, the refolding kinetics are very similar to Potassium phosphate buffer at pH 7.4 and ambient temper-
those of the wild-type protein. In addition, the protein retains atUre. _

its ability to bind fatty acids with some features resembling ~ NMR SpectroscopyAll spectra were accumulated using
those of the wild-type protein, as addressed in the ac- a three-channel Varian Unity-500 NMR spectrometer equipped

companying paper (Cistoket al.,, 1996). with a Nalorac 5 mm IDTG 500-5 gradient inverse triple-
resonance probe and interfaced to a Sun SPARC-2 worksta-
MATERIALS AND METHODS tion. The buffer used for NMR was 20 mM potassium

phosphate, 50 mM potassium chloride, and 0.05% sodium

Materials A mutagenic primer was obtained from azide (pH 7.2), and all spectra were accumulated at@5
Integrated DNA Technologies. The Sculptaruitro site- unless noted otherwise. Two-dimensional TOCSY spectra
directed mutagenesis kit and-f°SJATP were purchased  (Bax & Davis, 1985) were collected using an unenriched
from Amersham. The Sequenase v2.0 sequencing kit wasprotein sample containing an 80%®+based buffer and a
from United States Biochemical. Oleic acid (Sigma Chemi- MLEV-17 mixing time of 20 ms. Two-dimensional NOESY
cal) was dissolved in 0.1 M potassium hydroxide to make a spectra (Jeenet al., 1979) were collected using unenriched
5 mM stock solution. Ultrapure Gdn was obtained from ICN  protein samples containing either an 80%0H or “100%”
Biochemicals. All other reagents used were analytical grade. D,0-based buffer and a mixing time of 150 ms. The pulse

Protein Engineering and ExpressiorSite-directed mu-  sequence used for the gradient- and sensitivity-enhatled
tagenesis was used to delete 17 residues, with a mutageniéN HSQC experiments was that of Zhaegal. (1994). For
oligomer lacking the amino acid codons from Glul5 through these experiments, a uniformB?C/*N-enriched protein
Gly31. The codons for two amino acids, Ser and Gly, were sample containing an 80% ,8-based buffer was used.
inserted in their place to provide a link between Tyrl4 and Proton and nitrogen chemical shifts were referenced as
Ala32. The sequence of the mutagenic oligomer was 5 described by Hodsdoet al. (1995).
TTTCAAGTTGTCATGAGCACCACTATAGT- Determination of Stability in GdnEquilibrium unfolding
TCTCATTCCGGTC-3 The deletion and insertion were and refolding as a function of denaturant concentration in
confirmed by complete sequencing of the entire cDNA 20 mM potassium phosphate (pH 7.4) and 0.25 mM EDTA
encoding the variant I-FABP. The mutant protein was was monitored by fluorescence spectroscopy with excitation
overexpressed ifEscherichia coliharboring the pMON- at 290 nm and emission at 328 nm on a PTI Alphascan
IFABP plasmid and purified using the published protocol fluorometer (Photon Technology International). Both wild-
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FiIGURe 2: CD spectra of the wild-type (- - -) amil7-SG () forms

of I-FABP in 10 mM potassium phosphate, at pH 7.4 and ambient
temperature. Also shown is the spectrum of 2 M Gdn-denatured
A17-SG |-FABP @). The concentrations were 0.11 and 0.12 mg/
mL for the wild-type and mutant proteins, respectively.

240

type and mutant proteins incubated overnight in 2 M Gdn
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Ficure 3: Fingerprint region of 2D TOCSY spectra for the wild-
type (A) andA17-SG (B) I-FABP complexed with palmitate in an
80% H,0/20% D,O-based buffer. The protein concentration was
2 mM. Both spectra utilized a spin lock mixing time of 20 ms.

showed no further changes in fluorescence and were thenpguisition and processing parameters for spectrum A were as

used in folding experiments. Equilibrium data were fit to a
two-state model as described by Ropstral. (1990) with
an equation from Santoro and Bolen (1988).

Refolding Kinetics. The kinetics of refolding were fol-
lowed by fluorescence using an Applied Photophysics
stopped-flow spectrophotometer (Model SFMV12) interfaced
to an Archimedes 420 (Acorn) computer. Changes in
fluorescenceexcitation= 290 NmM andlemission™> 305 nm with
a WG305 Schott glass filter) were followed at 20. The
unfolded proteins were preincubated in 2.0 M (wild-type)
or 1.2 M (A17-SG) Gdn buffered in 20 mM potassium
phosphate (pH 7.4) and 0.25 mm EDTA and were diluted
2-fold by mixing with an equal volume of buffer. The
fluorescence of the native protein in buffer solution and in

follows: 96 transients, 518 increments zero-filled to 1024, 6500
Hz spectral width in F1 and F2, and 1024 complex points;in
zero-filled to 2048. Aquisition and processing parameters for
spectrum B were as follows: 64 transients, 268 crements zero-
filled to 1024, 6000 Hz spectral width in F1 and F2, and 1024
complex points irt; zero-filled to 2048. For both proteins, pseudo-
echo apodization was employed in both dimensions. The sample
temperature for spectrum A was 3T, chosen to match the
conditions used for the assignment of the wild-type protein
(Hodsdon et al, 1995). To minimize protein aggregation, a
temperature of 28C was used foA17-SG in spectrum B. The
chemical shifts for the wild-type protein at 28 differ only slightly
from those at 37C.

proteins, the fluorescence maximum decreased and shifted
to 350 nm in the presence of denaturant.

Gdn were measured at the same time and used as reference Conformation ofA17-SG as Assessed by NMR Spectros-

points. Although the high concentration of Gdn resulted in
a mixing artifact on dilution, optical turbulence appeared to
last less than 40 ms.

RESULTS
In this study, 17 residues from E15 to G31 have been

copy. Two-dimensional TOCSY, NOESY, andH/'*N
HSQC spectra were recorded and compared to those of wild-
type I-FABP in order to further characterize the secondary
and tertiary structures oA17-SG. Sequence-speciftél,

13C, and N NMR resonance assignments and solution
structures have been established for the wild-type protein

deleted from the sequence of I-FABP and replaced with the (Hodsdonet al, 1995) thus providing a basis for the

dipeptide Ser-Gly. We hypothesized that this alteration of
the I-FABP sequence might generate a stablej-aheet

comparison of chemical shifts and NOE patterns.
The chemical shifts ofHo resonances in proteins are

structure lacking the two helices. The experiments describedaffected by backbone conformation (Wishattal., 1991,
in this paper were designed to test this hypothesis and t01992), andH and**C chemical shift indices have been used

make an initial assessment of the structure and stability of to map the secondary structure elements of wild-type I-FABP

this I-FABP variant.

Conformation oA17-SG as Assessed by Circular Dichro-
ism and Fluorescence Spectroscopwitial studies of the
structure ofA17-SG involved CD measurements in the far-
UV. Figure 2 shows CD spectra for wild-type and7-SG

(Hodsdonet al., 1995). In addition, the chemical shifts of
IHN resonances are influenced by backbone conformation
as well as by hydrogen bond energies (Wisleasl., 1991).
Therefore, the fingerprint region of the TOCSY spectrum,
which correlates intraresiddela. and*HN chemical shifts,

as well as for the latter protein in the presence of denaturant.is quite sensitive to changes in secondary and tertiary

While CD spectra of highlys-sheet structures are difficult
to analyze, it is clear that the spectra for the wild-type and
variant proteins are very similar and that both are quite
different from unfolded protein (Figure 2). ThuAl7-SG
appeatrs to have at least as myebheet content as the wild-

structure.

The fingerprint regions of TOCSY spectra for wild-type
andA17-SG I-FABP are shown in Figure 3. Overall, both
spectra revealed a high degree of chemical shift dispersion,
indicative of highly structured proteins. While the cross-

type protein, and the smaller signal at 196 nm is consistentpeaks in Figure 3A,B were not superimposable, similar

with loss of o-helical content (Brahmset al, 1980).

overall patterns were observed. Chemical shift values are

Similarly, fluorescence spectra not shown here indicated thatvery sensitive to changes in local environment as well as

the emission maximum, with excitation at 290 nm, was the
same for the folded wild-type ami17-SG proteinsEmax =

328 nm), although the fluorescence intensityAdf7-SG was
about 20% greater than that for wild-type I-FABP. For both

global structure, so chemical shift changes would be expected
to occur upon deletion of a 17-residue segment of the protein.
However, these differences are relatively small and still
consistent with a similar structure for thflesheet domain
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] Table 1: Average Chemical Shift Values for Wild-Type and
3 - 10500 A17-SG I-FABP
] ° g I-FABP I-FABP
E . - 11000 resonance tyge (wild-type) (ppm) (A17-SG} (ppm)
E - 0w 0g t IHq, all residues 4.5% 0.65 4.80+ 0.60°
E Ha, helix only 3.884+0.23

3 e o L 115.00 Hq, nonhelix 4.69+ 0.58

° ™ LN : HN, all residues 8.54- 0.69 8.70+ 0.68!
E °- ° 3 IHN, helix only 7.90+ 0.48
3 o o 0 £ 120.00 ., IHN, nonhelix 8.62+- 0.66
] ° 00 ¥ T Eo (e 5N, all residues 123.513.0 125.6+ 6.0°
E . e° ° ° - i 5N, helix only 120.7+ 4.6
E o °°°4 00 ° o L 125.00 15N, nonhelix 123.8+ 13.7
] o e 9 ° <0 L
E ° °.’° ° ‘f@": 2 aAll 'HN and >N chemical shifts represent backbone positions.
] . o oo ® oo °° o™ 13000 bValues reported as mean standard deviatiorf. Statistically signifi-
E g 0 K e cant differencef < 0.05) vs wild-type; independent-samplégest.
E o 5.3 e ° - 4 No statistically significant differencep(> 0.05) s wild-type.
E °, . o E 135.00
3 — E

T T T T
10.00 9.00 8.00 7.00

F2 {ppm)

Ficure 4: Gradient- and sensitivity-enhancét/*>N HSQC
spectrum for [U-88%C/99%+5N]I-FABP (A17-SG) complexed
with palmitate at 25°C. Superimposed on the spectrum of the
mutant protein are labels indicating the positions of assigned
resonances for the wild-type protein. For clarity, labels were
included only at the periphery of the spectrum. The complete HSQC
map for wild-type protein is shown in Figure 1 of Hodsdemnal.
(1995). Aquisition parameters were as follows: 24 transients; 600 ————
t; increments; spectral widths of 6500 Hz (F2) and 3000 Hz (F1); ) FIOH) i e

hypercomplex mode; pulse interval, 1.1 s; and sample concentration, . .
1.7 mM. FIGURE 5. aa region of 2D NOESY spectra of wild-type (A) and

A17-SG (B) I-FABP complexed with palmitate at 26. Intense

; ; :-~ Cross-peaks in this region are characterisitigaheet-containing
(see below). ' In particular, note that the region corresponding proteins. The labels indicate the positions of assigned resonance

to *Ho. > 4.2 ppm was well-populated with cross-peaks. In an4 correlations for the wild-type protein at 3¢ (Hodsdonet

the wild-type protein, all of théHa peaks> 4.2 ppm are  al., 1995). Both samples contained 100%CBbased buffer and

located ing-strands or turns (Hodsdoet al, 1995). In protein concentrations of 2 mM. Agquisition and processing

contrast, many of the cross-peaks corresponding to theparameters were as follows: 96 transients, @36crements zero-

a-helical domain of the wild-type protein (labeled in the fiied to 1024, 6500 Hz spectral width in F1 and 2, 1024 complex
. . . points int, zero-filled to 2048, and 150 ms mixing time.

upper right of Figure 3A) are absentA17-SG (Figure 3B).

Figure 4 illustrates &1/*°*N HSQC spectrum for uniformly ; ; o )
15C/N-enriched I-FABP A17-SG). Superimposed on this conS|ste|_*1t Wlth. a reduction ia-helix content forA17-SG.
spectrum are labels indicating the positions of a number of 1Wo-dimensional NOESY spectra were accumulated on
peaks for thewild-type protein. The completely assigned the unen_rlc_hed proteins in order to search for patterns
wild-type spectrum is shown elsewhere (Hodsdsnal, characteristic ofa-helix and-sheet secondary structure.
1995), and the assignment AfL7-SG is in progress. For Regions of a protein containing antiparajfesheets exhibit
now, the spectra can be compared. Both spectra exhibit aNOESY cross-peaks corresponding to short interstxamd
high degree of chemical shift dispersion and a similar overall &nd sequentiaiN interproton distances (Whrich, 1986).
IH/1N correlation map. In fact, a number of resonances from Portions of theaa region of NOESY spectra for wild-type
the 8-sheet domain of the protein are nearly superimposable;2ndA17-SG I-FABP are shown in panels A and B of Figure
examples include D67 and E131 at the bottom of Figure 4 5. respectively. The spectra for both proteins exhibited a
and G65 and G121 near the top. In contrast, many of the number of intensexa. (Figure 5) andaN (not shown)
peaks assigned to thehelix domain of the wild-type protein  correlations indicative of-sheet structure. However, only
are absent in the\17-SG spectrum. Notable examples the spectrum oA17-SG showed a selective broadening for
include F17, G22, 123, V26, K27, K29, and G3L1. the aa. peaks between 5.6 and 5.9 ppm. In the wild-type

The average chemical shifts for both proteins are sum- protein, these cross-peaks represent correlations between the
marized in Table 1. For wild-type I-FABP, tHela, HN, a-protons of T118 (end gf-strand I) and E123 (beginning
and®sN chemical were lower for residues locateditelices ~ 0f f-strand J), as well as between A104 (beginning of
than in with3-sheets and turns. In the absence of sequential 8-strand H) and Y117 (end ¢f-strand I). Strands HJ are
assignments foA17-SG, the chemical shift values cannot the carboxy termingB-strands located at the “back” of the
yet be partitioned and compared in this way. However, the molecule as oriented in Figure 1. The above-mentioned
average values for all residues could be compared for theresidues are adjacent to the helices, and the selective deletion
wild-type andA17-SG proteins. As seen in Table 1, the of the helices might be expected to destablize this portion
average values dHa and*®N chemical shifts forA17-SG of the protein. Hence, the peak broadening/conformational
each exhibited statistically significant increases compared averaging observed in Figure 5B is consistent with the
with those of the wild-type protein. These increases are selective elimination of the helical domain of I-FABP.
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3 e - Table 2: Stability of Wild-Type anc\17-SG I-FABP
1% e
) R 7 AGHZOb ‘
391 sorm ‘;if B S I-FABP (kcal molt)  (kcalmof*M~)  midpoint (M)
a g 54 > »
1 e wild-type 5.22+0.33 —-3.82+0.21 1.36+0.11
43y oS B % - Tee A17-SG 4.04+ 0.15 —4.56+0.17 0.89+ 0.05
@
(ff” 3545 é = %@@ a All solutions contained 20 mM potassium phosphate (pH 7.4) and
J D © 0.25 mM EDTA. Relative fluorescence changes at 328 iy 290
, 5 nm) were monitored as a function of Gdn concentrations atQ0
391 o é o O ) b The apparent free energy difference between the folded and unfolded
o e forms of I-FABP extrapolated to 0 M denaturahThe slope describing
23} g=c_°® o . =% E the dependence @G on denaturant concentratiorfsThe denaturant
’ @< = . g;ﬂ concentration at the midpoint of the transition.
- BT il
34 30 26 I% EVEREY
Al (1H) T 1 1 1
FIGURE 6: o3 region of 2D NOESY spectra of wild-type (upper ~ Ntive (wikd-iype and Heliess)
panel) and\17-SG (lower panel) I-FABP complexed with palmitate - dettess T
at 25°C. The labels indicate correlations between residussd < os | ’ .
i+3 in the a-helical region of the wild-type protein. Note the © e
absense of these correlationsAt7-SG. The sample and spectral g o6 . e T
conditions were as in Figure 5. 8 o4 k i
02 B -
2 Unfolded (wild-type and Helixless)
N
0
1 1 1 1
0 2 4 6 8 10

time, sec

Ficure 8: Changes in fluorescence intensity (arbitrary units)
time for the refolding of wild-type and\17-SG I-FABP. The
experiments were performed as described in Materials and Methods.
For the unfolded base line, protein was mixed with an equal volume

Relative Fluoresence

0 o5 1 15 2 25 3 of either 2 M Gdn for wild-type or 1.2 M Gdn for tha17-SG
GdnHCIL, M I-FABP under the same experimental conditions. Equal volumes
FiGURe 7: Equilibrium unfolding of apo-wild-typer() and A17- of natiye protein and_ buffer were mixed and _used to establish the
SG (©0) I-FABP. Changes in relative fluorescenég,iaton= 290 base line for the native proteins. The base line values have been

NM, Aemission = 328 nm) were monitored as a function of Gdn normalized to0 (unfo_lded protein)_ and 1 (native protein) for both
concentration at 26C. The open symbols represent the dilution of the wild-type and helix-less proteins.

the protein to a buffer containing final concentrations of denaturant . .
shown. The closed symbols show the reversibility of the transition, (Ropsoret al, 1990). As expected for a protein that contains

where theA17-SG protein was equilibrated in 2.7 M Gdn and then N0 proline, the rate constants for the refolding process
diluted to the final concentrations of denaturant as shown. The sameincrease as the final denaturation concentration is lowered.
dilution of the native helix-less protein was used as a reference at Additionally, the extent of the very rapid phase is also
(7’ Z/')C;gg- ?gssorl]ul\t/'logég‘;\ma'“ed 20 mM potassium phosphate (PH gependent on the final denaturant concentration (Ropson

' ‘ ' al., 1990). However, both of these parameters, rate constants

A region of the NOESY spectrum containing correla- and extents, depend not on the absolute.final concentration
tions is shown in Figure 6. Helices are characterized by short©f dénaturant but on the final concentration relative to the
af interproton distances between thand i+3 residues ~ Midpoint of the unfolding/refolding curve. Thus, to compare
(Witthrich, 1986). In the upper panel of Figure 6, the labeled "€folding kinetics between wild-type and17-SG, it is
cross-peaks indicate several such correlations for the wild-Necessary to choose final denaturant concentrations which
type protein. By contrast, these correlations were absent in@'€ related to the unfolding midpoint. Figure 8 shows the
the spectrum of\17-SG (Figure 6, lower panel). fluorescence chan'ges occurring on a 2-fold dilution of

Protein Stability as Assessed by Equilibrium Studies of dénaturant. For wild-type, the dilution was from 2 to 1 M
Denaturation and Renaturation Since the fluorescence ~Sdn (midpoint= 1.39 M). ForA17-SG, the dilution was
spectrum is affected by denaturant, it is possible to use fom 1.2 t0 0.6 M Gdn (midpoint= 0.89 M).  Also shown
fluorescence to describe the equilibrium unfolding and N the figure are base line fluorescence values for completely
refolding of the protein. Figure 7 shows an equilibrium unfolded and folded (native) protein. Both proteins exhibited
unfolding/refolding curve as a function of Gdn concentration. & V€Y rapid phase followed by a slower phase with folding
The open symbols represent the unfolding process, while thecoMPpletéd in 10 s under these conditions. The very rapid
filled circles are data obtained upon refolding the protein. Phase had a larger amplitude #87-SG as compared with
The figure shows that the unfolding is reversible but that wild-type, although the observed rate constants were similar.
A17-SG is less stable than wild-type I-FABP. Table 2 For the W|Id-_type I-FABP, the_ observed rate constant was
presents the analysis of these data. As an indication of0-43 S*, while for A17-SG, it was 0.51°S. Thus, the
stability, the midpoint of the denaturation curve for the apo- a-helical domain appeared to have little influence on the
wild-type protein is 1.36 M Gdn (Ropsaet al, 1990) and ~ refolding kinetics of I-FABP.
that for A17-SG is 0.89 M Gdn.

Kinetics of Refolding.We have previously shown that the DISCUSSION
refolding process of I-FABP occurs in three phases, one of A variant of I-FABP has been engineered by deleting 17
which is too rapid to measure by stopped-flow techniques residues corresponding to thehelical domain and inserting
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a two-residue linker. This variant has been characterized Trp82, located at the opposite end of I-FABP, may be

by CD, fluorescence, and NMR spectroscopy and comparedinvolved in a structural intermediate that forms early in the

with the wild-type protein in order to assess its solution folding process (Ropson & Frieden, 1992; Friedstnal.,

conformation, thermodynamic stability, and folding proper- 1993, 1995).

ties. The role of thea-helical domain in ligand binding is
A17-SG Is a Helix-less Variant of I-FABPSeveral lines addressed in the accompanying paper (Cistblal., 1996).

of evidence support the hypothesis thit7-SG is a helix- This domain appears to regulate the affinity of fatty acid

less, essentially aff-sheet variant of I-FABP. First, the CD  binding by selectively altering the dissociation rate constant.

and fluorescence spectra for this variant were very similar

to those for wild-type I-FABP. The CD spectrum of the ACKNOWLEDGMENT
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