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ABSTRACT:. The refolding and reassociation of rabbit muscle triosephosphate isomerase (TPl) monomers
unfolded with guanidine hydrochloride (GdnHCI) was studied in agueous media and in reverse micelles
(RM) formed with hexadecyltrimethylammonium bromide andctane/hexanol. Fluorescence resonance
energy transfer (FRET) studies were carried out using TPI labeled at Cys-217 with 5-((2-((iodoacetyl)-
amino)ethyl)amino)naphthalene-1-sulfonic acid (1,5-IAEDANS) and TPI labeled at one of the free amino
groups with fluorescein 'Ssothiocyanate (FITC). Efficient FRET between monomers of AEDANS

TPl and FITC-TPI in agueous media was detected®min after denaturant dilution and remained constant

for hours. The distance between AEDANS and FITC in a labeled, renatured hetero-TPI dimer calculated
from FRET results was 48 A, in reasonable agreement with estimates based on the crystal structure of
TPI. In RM, recovery of enzyme activity during renaturation correlates with the appearance of a high-
intrinsic fluorescence intermediate believed to be a partially folded monomer’ (fekrnd/elasco et al.,
1995). Nevertheless, when AEDANS- and FITC-labeled monomers were mixed in RM, FRET occurred
as soon as GdnHCI was diluted (FRET efficieney0.36), preceding the changes in TPI intrinsic
fluorescence and reactivation. Thereafter, the efficiency of FRET increased during the next hour up to
~0.50, where it remained after 24 h, when 80% of the enzyme activity was recovered. The high initial
FRET seen in RM could indicate the formation of an inactive dimer within the first minutes after denaturant
dilution. The further increase in FRET observed over the next hour could reflect conformational
rearrangements of the protein and transition from the inactive to the active dimer.

Although water is fundamental to the stability and function ~ TPI is an enzyme well suited for such studies. It is a
of proteins (Kauzmann, 1959; Privalov & Grill, 1988; Rupley homodimer that catalyzes the interconversion of dihydroxy-
& Careri, 1991), its influence on protein folding is not well acetone phosphate (DHAP) amndglyceraldehyde-3-phos-
understood. Reverse micelles offer the possibility of control- phate (GAP) through mechanisms that have been well
ling the amount of water available to proteins found in their characterized (Albery et al., 1976, 1977; Knowles, 1991;
interior (Luisi et al., 1988). Indeed, in reverse micellar Wierenga et al., 1991, 1992; Noble et al., 1993; Mande et
systems it has been shown that by varying the water contental., 1994). Of particular relevance is that TPI dissociates
of the system, it is possible to control the kinetics of and denatures in the presence of GdnHCI and renatures upon
reactivation of the homodimeric enzyme triosephosphate denaturant removal in standard agueous media, recovering
isomerase (TPI) (Fefmaez-Velazco et al., 1995). Thus, its catalytic activity (Sawyer & Gracy, 1975; Zabori et al.,
studies of protein folding and proteiprotein interactions ~ 1980). Reactivation of TPI from its unfolded monomers has
in such systems may yield insight into the steps and also been studied in reverse micelles (Garza-Ramos et al.,
mechanisms that operate in the formation of the catalytic 1992; Fernadez-Velasco et al., 1995). These experiments,
active enzymes from unfolded protein structures. both in aqueous media (Waley, 1973; Zabori et al., 1980)
and in reverse micelles (Garza-Ramos et al., 1992), showed
that TPI reactivates through the following sequence of events:
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Nevertheless, in reverse micelles the rate of reactivation isdissolved im-octane:hexanol (8.7:1, v/v). Reverse micelles
orders of magnitude slower than in aqueous media. More-were obtained by adding a few microliters of buffer A (see
over, the reactivation process can be reversibly arrested byabove) to give the desired water concentration (from 2.0%
changes in the amount of water in the system (Fernandez-to 7%, v/v). This was followed by vigorous vortexing. Phase
Velasco et al., 1995). diagrams for this system of reverse micelles have been

Until now subunit association in reverse micelles has been described (Hilhorst et al., 1984). Reverse micelles containing
monitored indirectly through the appearance of enzyme entrapped TPI, AEDANSTPI, or FITC-TPI were stable
activity. This approach, however, does not allow detection for at least 1 week.
of inactive dimers which can subsequently transform into Enzyme Actity in Reverse Micelles. Activity was
catalytically active dimers. In this work, we have used Mmeasured in reverse micelles (6% water content) containing
fluorescence resonance energy transfer (FRET) to explorebuffer A plus 3.3 mM glyceraldehyde-3-phosphate, 0.2 mM
the renaturation of TPI from unfolded labeled monomers and NADH (overall concentration), and-57 mg/mL a.-glycero-
the possible existence of inactive and active dimers in reversephosphate dehydrogenase. Ammonium sulfate was removed
micelles. We labeled rabbit muscle TPl with 1,5-((2- from the latter enzyme by filtrationcentrifugation (Penef-
((iodoacetyl)amino)ethyl)amino)naphthalene-1-sulfonic acid Sky, 1976) in Sephadex G-50 columns equilibrated with
(1,5-IAEDANS) in the SH group of Cys-217 and with buffer A. To this micellar solution was added an aliquot
fluorescein 5isothiocyanate (FITC) in one of its free amino  (10-20uL) of reverse micelles containing either native or
groups. This strategy provides direct information on distance fluorescent-labeled TPI. The decrease in optical density at
changes between protein-attached deramceptor groups 340 nm was used to follow activity. The activity of TPI in
and hence on proteirprotein interactions (Cheung, 1991). ~ reverse micelles with 6% water was 40850 umol mg™

min ~L.
MATERIALS AND METHODS Proteolytic Digestion.Digestion of AEDANS-TPI using
. . . . Vg protease was carried out at 3¢ for 30 min in 20 mM

Materials. Rabbit muscle triosephosphate isomerase, s Hc|, pH 8.5, at a TPI:protease molar ratio of 100:1.
cetyltrimethylammonium bromiden-octane, hexanolg.- Proteolysis was monitored by changes in electrophoretic
glycerophosphate dehydrogenase, NADH, and glyceralde-p iy in SDS-PAGE according to Laemmli (1970). Gels
hyde-3-phosphate diethyl acetal were obtained from Sigma., are stained with Coomassie blue R-250. IAEDANS
Glyceraldehyde-3-phosphate was prepared from glyceralde g rescence in the peptides separated by electrophoresis was
hyde-3-phosphate diethyl acetal as described by the supplieryeecteq by placing the gels on top of a UV transilluminator
1,5-IAEDANS and FITC were obtained from Molecular (lexc = 310 nm) before staining. Gels were then photo-

Probes (Eugene, OR). Other reagents were of the highestaohed using a Corning 3-70 cut-off filter placed in front
analytical grade commercially available. of the camera lens.

Determination of Enzyme Actly and Concentration. Amino Acid SequencingPeptides generated byspro-
Enzyme activity in aqueous medium was measured astease digestion were resolved by SEBAGE and electro-
described previously (Rozacky et al., 1971) and was aroundpjotted onto immobilon-P membranes (Millipore) at 0.5 A
4000umol mg™* min~* with glyceraldehyde-3-phosphate as  for 15 min and sequenced by automated Edman degradation
substrate. TPI concentration was determined spectrophotousing an ABI 475A gas phase instrument.
metrically by its absorbance at 280 nm (Lu et al., 1984).  apsorption and Fluorescence Measuremembsorption
The concentrations of IAEDANS or FITC were spectropho- spectra were measured on a Hewlett Packard 8548 spectro-
tometrically determined by using their molar extinction photometer. Fluorescence spectra (excitation band pass 2
coefficients (5.7 mM* at 336 nm or 76 mM" at 495 nm,  nm; emission band pass 8 nm) were measured on an Aminco
respectively). In the case of FITC-labeled TPI, protein s M 8000 spectrofluorometer. For intrinsic fluorescence
concentration was corrected for absorption by FITC. The measurements excitation was at 286 nm. For AEDANS
absorbance of FITC at 280 nm equals 40% of its absorbancerp or in energy transfer experiments (see below), excitation
at 495 nm. 1,5-IAEDANS absorbs at 280 nm 20% of its \yas at 360 nm and emission spectra were acquired from 370
absorbance at 336 nm. These values were subtractedg 600 nm. Temperature was maintained at°@5with a
accordingly from the measured absorbance at 280 nm ofthermostated cell holder.
labeled TPI. Fluorescence spectral center of mass (SCM; average

Labeling of TPI with 1,5-IAEDANS or FITCTPI was emission wavelength) was calculated as:
dissolved in 50 mM Tris-HCI, pH 8.5, at a concentration of
20 mg/mL (0.74 mM monomer). 1,5-IAEDANS (or FITC) SCM = ZAI(A)/ZI(A) (1)
was added to this solution at a 5-fold (or 3.5-fold for FITC)
molar excess over TPl monomers. The reaction was allowedwhere I(1) is the fluorescence intensity at wavelength
to proceed at room temperature in the dark for various times Fluorescence spectra of identical control samples not con-
(as described under Results); free label was then removedaining protein were recorded and subtracted from the
by filtration centrifugation (Penefsky, 1976) in Sephadex experimental samples to correct for background interference,
G-10 columns (1 cA) equilibrated with 40 mM triethanol-  which was significant (up to 20%) in the reverse micelles
amine, 10 mM EDTA, and 1 mM dithiothreitol, pH 7.4  system.

(buffer A). When labeling was performed using different  Fluorescence anisotropy measurements were made on the
ratios of fluorophore:protein (see Results), reaction time was same fluorometer equipped with polarizers and quartz
kept constant at 15 h. Polacoat filters. Fluorescence was excited at 360 nm for

Reverse Micelles. The reverse micellar system used was AEDANS—TPI (or 494 nm for FITC-TPI) and observed at
formed with 200 mM cetyltrimethylammonium bromide 470 nm (or 530 nm for FITETPI). Fluorescence polariza-
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tion was calculated from the equation:
P=[lw = lvu(la /Tl + un(la/1a)] - (2)

wherel represents fluorescence intensity and the subscripts

V and H represent vertically or horizontally aligned polarizers

for excitation or emission, respectively. Polarization was

then converted to anisotropy) (@ccording tar =2P/3 — P.
Fluorescence Resonance Energy TransfEne efficiency

E of FRET between probes was determined by measuring

the fluorescence intensity of the donor (AEDANSPI) in

both the absencé) and presencd-64) of acceptor (FITC-

TPI), as given by:

3

The efficiency of FRET depends on the inverse sixth
power of the distance between donor and acceptor (Lakow-
icz, 1983). This allows FRET measurements to be used with
high sensitivity to follow reassociation of TPl monomers
during refolding of the enzyme in aqueous medium and
reverse micelles. From the valueiBfthe average distance,

R, between donor and acceptor was calculated as:

E=1-Fp\/Fp

R=Ry[(1 - E)/E]"" 4)

The Faster critical distanceRp) is an intrinsic constant
for each energy transfer pair, corresponding to the distance
at which the efficiency of energy transfer is 50%, and was
determined (Cheung, 1991) as:

R,= 97860n “K*Qp)*® A (5)
where n is the refractive index of the medium (1.4 for
aqueous medium)k?® is a factor describing the relative
orientation of the transition dipoles of the donor and acceptor
chromophores (2/3 for probes exhibiting isotropic, dynamic
orientational averaging during the excited state lifetimes;
Cheung, 1991), anp is the fluorescence quantum vyield
of the donor in the absence of acceptor. For AEDANS
TPI, aQp value of 0.68 was used, based on comparison of
emission intensities of samples containing identical concen-
trations of AEDANS-TPI or IAEDANS alone in water or
ethanol Qp values for IAEDANS in water or ethanol are
0.27 and 0.69, respectively; Molecular Probeg).is the
spectral overlap integral between donor emission)JR{nd
acceptor absorptiore(1)] spectra and can be calculated by:

(6)

Jwas calculated by overlapping the donor (AEDANEPI)
emission and acceptor (FIFCIPI) absorption spectra. A
summation was performed at 2 nm steps for the overlapping
area (Mallender et al., 1994):

I= [Fe@)2* dil [F(1) d

J =Sl el area, )
wherelgp is the donor fluorescence intensity (in arbitrary
units) at wavelengtii ande, is the acceptor absorption (in
absorbance units) at wavelengttof the overlapping area.
Areap is the area (in fluorescence arbitrary units) of the
donor emission spectrum. The overlap integdalwas
calculated to be 8.4& 10 cm® ML Using the above
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Ficure 1: Labeling of TPI with 1,5-IAEDANS and FITC as a
function of incubation time and probe:protein ratio. See Materials
and Methods for the fluorophore/TPI monomer stoichiometry deter-
mination: (A) labeling ratio (1,5-AEDANS and FITC/monomer
of TPI) versus time of incubation of TPl with 1,5-IAEDANS (5-
fold molar excess/monomer) and FITC (3.5-fold molar excess/
monomer) and (B) labeling ratio (1,5-AEDANS and FITC/monomer
of TPI) after incubation of TPI with various molar ratios of 1,5-
IAEDANS and FITC for 15 h.

indicated valuedy, for the AEDANS-TPI/fluorescein-TPI
pair was calculated to be 8.48 1074 cm® M1,

RESULTS

TPI can be reversibly denatured into unfolded mono-
mers by incubation with guanidine hydrochloride (GdnHCI)
(Waley, 1973; Zabori et al., 1980). In previous studies the
kinetics of reactivation of TPI following dilution of denatur-
ant were investigated in the reverse micelles system used
here (Garza-Ramos et al., 1992; Fembez-Velasco et al.,
1995). Measurements of the intrinsic fluorescence of TPI
during reactivation showed a parallelism between structural
changes and appearance of catalytic activity (Fedea-
Velasco et al., 1995). In this work TPI was covalently
labeled with extrinsic fluorescent probes in order to further
characterize the steps (i.e., monomer folding, subunit as-
sociation, structural rearrangements of the dimer) involved
in reactivation of the enzyme after unfolding by GdnHCI.

Fluorescent Labeling of TPIFigure 1A shows the time
course of reaction of TPI with a 5-fold molar excess of 1,5-
IAEDANS (IAEDANS). The labeling stoichiometry
(AEDANS—TPI monomer) increased with time and reached
a level of about 1 mol of AEDANS/mol of TPl monomers
between 4 and 15 h. At longer reaction times the stoichi-
ometry of labeling increased to a total of about 2 mol of
IAEDANS/mol of monomer (Figure 1A). The dependence
of the labeling stoichiometry on the molar ratio AEDANS:
TPI is shown in Figure 1B. With a constant reaction time
of 15 h, it was possible to selectively label TPI with 1 mol
of IAEDANS/monomer using a ratio of 5:7 probes:monomer
in the reaction (Figure 1B).

Labeling of TPI with FITC was carried out under similar
conditions as those used for IAEDANS. Figure 1A also
shows the time course of reaction of TPI with FITC using a
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3.5-fold molar excess of probe relative to monomer. Reac- 520
tion of TPI with FITC was slower than with 1,5-IAEDANS,
and the stoichiometry of labeling reached abottl12 mol

of FITC/mol of TPl monomer after 20 h of incubation. The
dependence of the labeling reaction on FITC concentration
at a constant reaction time of 15 h is shown in Figure 1B. In
a range of FITC:monomer ratios between 3:1 and 15:1, the
labeling stoichiometry remained around 1.2 mol of FITC/

el . ag0
mol of monomer. 101 Y

TPI labeled at~1:1 mol of 1,5-IAEDANS or FITC/mol GdnHCI (M)
of monomer usually retained-80% of its activity (see
Materials and Methods). B

Determination of the IAEDANS Binding Sitd.Pl was
labeled at a 1:1 molar ratio of 1,5-IAEDANS:monomer. The
fluorescent protein sample was then digested withbrdtease
(see Materials and Methods), which gave two proteolytic
fragments resolved by SBSAGE (data not shown). The
smallest fluorescent fragment of 8 kDa was electroblotted L
onto immobilon-P (Millipore) membranes and used for 0.00 L :
automated Edman degradation amino acid sequencing. This 101 100
analysis revealed a sequence which exactly matched the GdnHCl (M)
sequence of Glu-165 to Val-184 of rabbit TPl (Corran & FIGURE 2: Effect of GdnHCI concentration on (A) the spectral

; ; ; ; center of mass (SCM) of TPI intrinsic fluoresceno®) (and
Waley, 1973). In the region from amino acid 194 to amino AEDANS—TPI fluorescencem) and (B) AEDANS-TPI anisot-

acid 248 (carboxy terminal), there is only one cysteine at o5y TP| (or AEDANS-TPI) at a concentration of 22 mg/mL was
position 217. Therefore, cysteine 217 was the only candidateincubated in 40 mM triethanolamine/10 mM EDTA/L mM DTT,

to be covalently modified by IAEDANS. Interestingly, pH 7.4, buffer containing the indicated GdnHCI concentrations.
trypanosomal TPI has three cysteines but does not contain %EVm:SZ')?Cri‘tzﬁgﬁt;at ‘%‘éﬂ%@g%ﬁqﬁggm@'@s ggﬁ‘l&ﬁiﬁﬁi .
cysteine at position 217 (SWl_nkeIs et al., 1986). We tr.|9d anisotropy measurements of AED’AN$PI, samplles were excited

to label trypanosomal TPI with 1,5-IAEDANS, but it did 4t 336 nm, and the emission was measured at 470 nm. In the
not react with the fluorophore. Taken together these absence of GAnHCI TPI had a SC# 335 nm, and AEDANS

observations indicated that Cys-217 was the most reactiveTPI had a SCM= 488 and an anisotropy of 0.165.

cysteine with 1,5-IAEDANS in rabbit TPI. . . .

T ] ] Figure 2B shows changes in fluorescence anisotropy of
Similar experiments were performed with FIFTPI AEDANS—TPI that occur upon unfolding of the enzyme
labeled at a 1:1 molar ratio. A 7 kDa fragment obtained py GdnHCI. The fluorescence anisotropy decreased from

after Vg digestion matched the rabbit muscle TPl sequence g 165 for native AEDANS-TPI to 0.015 in the presence of
from Glu-165 to Ala-176. Since there are five lysines in high concentrations of GdnHCI. The decrease in anisotropy
the carboxy terminal region from Glu-176 to GIn-248, one yeflects a marked increase in mobility of the fluorescent
of them must be labeled by FITC. probe, which is compatible with the existence of unfolded
Unfolding of TPl by GdnHCI. The main purpose of the  monomers in guanidine solution (Sawyer & Gracy, 1975).
present study was to investigate the kinetics and mechanism~or TPHAEDANS, the three fluorescent parameters moni-
of refolding of TPI both in aqueous medium and in reverse tored (fluorescence intensity, spectral center of mass and
micelles. To gain insight into the mechanism of unfolding anisotropy; Figure 2) indicated a similar midpoint value of
induced by GdnHCI, we initially carried out equilibrium about 0.65 M GdnHCI for the unfolding transition.
unfolding studies by monitoring the intrinsic fluorescence  Refolding of AEDANSTPI. The fluorescence of
of TPl and the environment-sensitive fluorescence of AEDANS—TPI and regain of enzymatic activity were used
AEDANS—TPI derivative in aqueous medium. Incubation to follow reactivation of TPI from unfolded monomers both
of TPI with increasing concentrations of GdnHCI promoted in agueous medium and in reverse micelles. In experiments
a marked (23 nm) red shift of the intrinsic fluorescence in aqueous solution, native or denatured TPI was diluted (90-
emission (Figure 2A), revealing a major increase in exposure fold) in buffer A (in order to dilute GdnHCI to subdenaturing
of tryptophan residues to water in the unfolded state. The concentrations). Comparison of intrinsic fluorescence spectra
midpoint of intrinsic fluorescence changes occurred at 0.7 obtained in the presence of 4 M GdnHCI and immediately
M GdnHCI. For AEDANS-TPI, a similar red shift (21 nm)  following dilution in buffer A showed that refolding of the
of the emission was observed upon unfolding by GdnHCI enzyme was immediate (i.e., within the dead time of a few
(Figure 2A). The red shift in AEDANSTPI emission and  minutes required for spectra acquisition), as revealed by the
significant (ca. 55%) fluorescence quenching (Figure 3A) return of the spectral center of mass to the value correspond-
indicate that Cys-217 became increasingly exposed to watering to native TPl (Figure 3A, Table 1). The intrinsic
at higher GdnHCI concentrations. It was observed that the fluorescence intensity of renatured TPI also showed a fast
fluorescence of AEDANSTPI, but not of native TPI, was increase toward the value observed for native TPI, although
affected by 0.5 M GdnHCI (Figure 2A). This suggested local in this case recovery was not complete.
unfolding of the structure of TPI in the vicinity of Cys-217 Fluorescence anisotropy measurements during refolding
prior to overall structural changes produced by total unfolding of AEDANS—TPI in agueous medium are shown in Figure
of the enzyme. 4A. Immediately after dilution of the denaturant the ani-
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Ficure 3: Emission spectra of native (a), denatured (b), and
renatured (c) AEDANSTPI in all-aqgueous medium (A) and
reverse micelles (B). AEDANSTPI at a concentration of 11.25
mg/mL was incubated in buffer containing 40 mM triethanolamine/
10 mM EDTA/1 mM DTT, pH 7.4, and 4 M GdnHCI. After 1 h
an aliquot of 2uL was transferred to all-aqueous medium (A) or
reverse micelles formed with 6.0% water (B) (residual guanidine
concentration was 44.4 mM).
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Table 1: Fluorescent Characteristics of FREDANS?

relative
SCM, fluorescence fluorescence 1 i
TPI-AEDANS nm atthe SCM  anisotropy l 1 | | ) ) 1 N
in buffer A 488 100 0.148t 0.003 ° 400 450 500 550 600 400 450 500 550 600
in RM with 6.0% water 495 87 0.126 0.003 FIGURE5: Reassociation of AEDANSTPI and FITG-TP! in all-
in 4.0 M GAnHC| 508 46 0.02% 0.003 aqueous medium (A) and reverse micelles formed with 6.0% water
in RM (660'/0)bW#h 4A0 M GdnHCI i%% 79%) %%ﬁ 8-882 (B). Traces correspond to the emission spectrum of the renaturation
rena:ured in RLll\/l er‘th 6.0% wat 405 100 0.1 002 mixture of AEDANS-TPI and FITG-TPI (3) and the following
renatured in <V with .57 water - controls: renaturation mixture of AEDANSTPI and TPI (1) and
aSCM is the spectral center of mass. renaturation mixture of FITETPI and TPl (2). Spectrum 4
corresponds to the mathematical sum of spectra 1 and 2. Spectrum
015 0.08 5 represents the emission of the donor in the mixture of interest
100 Sk loor and is obtained by multiplying spectrum 1 by the fadtn/Fa,
100 = = o whereFyp is the fluorescence intensity of the donor (AEDANS
. o 8w —2 | 2 TPI) in the absence arfeha in the presence of the acceptor (FIFC
s 2 S g TPI). Spectrum 6 corresponds to the emission of the acceptor in
5 £ g = the mixture of interest and is obtained by subtraction of spectrum
S 2z T4 2 3 from 5.
g <C cqc> 20 <C
§ o0 B B 000 (~0.08) did not change over time for up to 24 h following
' e Y dilution of denaturant. It is noted that no enzyme activity
time (hs) time (hs) was detected immediately after transfer of TPI from 4 M

GdnHCI to reverse micelles (Figure 4B). Recovery of
activity in micelles occurred with a much slower kinetics
than in water, over a period of several hours following
dilution of denaturant.

Ficure 4: Renaturation of AEDANSTPI in all-aqueous medium
(A) and reverse micelles containing 6.0% water (B) measured by
fluorescence anisotroppj and of enzymatic activity recover@®j.
AEDANS—TPI (12 mg/mL) was incubated in buffer containing = . .
40 mM triethanolamine/10 mM EDTA/1 mM DTT, pH 7.4, and 4 Reassociation of TPl Subunits Monitored by FRET.

M GdnHCI. After 1 h an aliquot of 2L was transferred to all- ~ Fluorescence energy transfer between AEDANS and fluo-
ag)ue(?eu; d“ngdiUTag?gigg ri‘é‘?‘f‘:n?:;?%:}esv\fg;mﬁ X"itmhﬁjo‘ﬁtwf‘gg’ rescein was used to monitor reassociation of TPI subunits
i(ndicated times?activity and fluorescence anisotropy of the samples]COIIOWIng c_illutlon of GdnHCl in bo_th aqueous medium and
were measured. reverse micelles. For these experiments, AEDAN®I| and
FITC—TPI (1:1 fluorophore:monomer) were separately
sotropy was about 0.111 (up from a value of 0.021 in the denatured by incubation in the presence of 4.0 M GdnHCI
presence of GdnHCI), and this was accompanied by ap-for 1 h at room temperature. Aliquots of the denatured
proximately 80% recovery of enzyme activity. At longer proteins were then mixed 1:1, and subsequently diluted in
times, recovery of activity approached 100%, and the either buffer A (Figure 5A) or reverse micelles containing
anisotropy further increased to about 0.151 (a value very 6% water (Figure 5B). In either case, the final concentration
similar to the anisotropy of 0.148 exhibited by native TPI, of GdnHCI was 66 mM. Fluorescence emission was
Table 1). measured from 370 to 600 nm upon excitation at 360 nm.
Native or denatured TPI was also transferred to micelles The resulting fluorescence spectra are shown in Figure 5. In
containing 6% water. As shown in Figure 3B, the spectral order to account for possible effects of unfolding/refolding
center of mass of TPI renatured in reverse micelles (previ- on the fluorescence intensity of labeled TPI (which might
ously denatured in 4.0 M GdnHCI) returned to the value interfere with energy transfer measurements), we carried out
found for native enzyme, while its fluorescence intensity was control measurements in which either AEDANSPI or
about 15% higher than for native TPI (Table 1). Fluores- FITC—TPI was denatured in 4.0 M GdnHCI, mixed with an
cence anisotropy measurements of AEDANSI during equal amount of nonlabeled denatured TPI, and then allowed
refolding in reverse micelles revealed that the anisotropy to refold by dilution of GdnHCI (in aqueous solution or
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0.6

Table 2: Efficiency of Energy Transfer and Average Distance
between Donor (D) AEDANS and Acceptor (A) FITC

05 1 e 100
molar ratio probabilityto  efficiency of r between I W ]

of D:A form DA, % energy transferf) AEDANS—FITC, A

s o/ fo _
11 50 0.54+ 0 44+ 0 ° 18
1:2 66 0.40+ 0.09 48.7+ 3.3 = 03 e S
1:4 80 0.42+0.16 48.3+ 3.7 e | | ‘g
2:1 33 0.28+0.017 53.3:-0.9 Loezb o 2
4:1 20 0.47+ 0.10 46+ 3.2 ! 2
w
a2 These were calculated as described in Materials and Methods. 01 {20

reverse micelles). Fluorescence emission spectra obtained
for AEDANS—TPI or FITC—TPI thus refolded are shown
as traces 1 and 2, respectively. Trace 4 shows the arithmetic

: i Ficure 6: Kinetics of activity recovery and efficiency of energy
sum of traces 1 and 2 (i.e., the expected emission in the ansfer from AEDANS-TPI to FITC—TPI renatured in reverse

absence of energy transfer). Trace 3 shows the measureghcelles formed with 6.0% water. AEDANSTPI and FITC-TP
emission spectrum obtained when denatured AEDANBI were separately denatured in 4.0 M GdnHCI. After 1 h of

and FITG-TPI were first mixed and then refolded. Both in incubation, equal aliquots of both samples were combined and
aqueous medium and in reverse micelles, the decrease ifransferred to reverse micelles formed with 6.0% water. Residual

o ; uanidine concentration was 66.0 mM (considering that GdnHCI
donor fluorescence indicated the existence of energy transfer?S only distributed in the aqueous phase of the reverse micelles).

(compare spectra 3 and 4). In aqueous medium (Figure 5A),protein concentration was 14.5 mg/mL. At the indicated times
this was accompanied by an increase in acceptor fluores-activity and emission spectrad. = 360 nm) were simultaneously
cence, indicating that hybrid dimers had formed containing measured. Open circles represent the enzymatic activity recovery
both donor and acceptor and giving rise to energy transfer of the AEDANS—TPI and FITC-TPI mixture. Closed circles show

. : . . . the value of the energy transfer efficiency calculated at the indicated
(Figure 5A). However in reverse micelles, the increase in

acceptor fluorescence is seen only after correcting for thetlmes'

contribution of the donor (compare spectra 6 and 2 in Figure efficiency of about 0.50 remained constant for at least 24 h

5B). Thus, the decrease in donor fluorescence and increasgrigyre 6). However, in reverse micelles recovery of enzyme

in acceptor emission indicated that FRET also occurred in activity proceeded at a much slower rate and was about 80%

the hybrid dimers refolded in reverse micelles. after 24 h (Figure 6). This suggests that dimerization in
FRET was also used to estimate the distance between thgeyerse micelles is followed by slower kinetic steps leading

IAEDANS and FITC binding sites in the TPI molecule. For 4 giryctural rearrangements necessary for enzymatic activity.
this purpose, FRET measurements were carried out using

different molar ratios of AEDANSTPI:FITC—TPI, and the DISCUSSION

results obtained are summarized in Table 2. With a 1:1 _ _ _ _

molar ratio of donor:acceptor, the statistical probability of ~ The mechanism by which a polypeptide chain spontane-

D—A pair formation following refolding of a mixture of ously folds into a unique three-dimensional structure con-

denatured monomers is 0.50. The probability of FRET stitutes one of the major unsolved problems in biochemistry

(measured by a decrease in donor emission) increases as tHé/atthews et al., 1993; Creighton, 1993). Fluorescence

molar ratio of donor:acceptor decreases (e.g., the probabilitiesstrategies have been increasingly used to derive information
of forming a D-A pair are 0.66 or 0.80 for mixtures about protein dynamics, structure, distances between defined

containing 1:2 or 1:4 donor:acceptor, respectively; Table 2). Protein sites, and structuréunction relationships (Wu &
An increase in donor:acceptor ratio leads to a correspondingBrand, 1994; Dos Remedios & Moens, 1995; Martensson et
decrease in probability of FRET (for D:A ratios of 2:1 or al., 1995; Gazit & Shai, 1995). In particular, fluorescence
4:1, the probabilities are 0.33 or 0.20, respectively; Table resonance energy transfer can reveal both absolute distances
2). The efficiencies of FRET (and the calculated-® between specific fluorophores and conformational changes
distances) measured at these different D:A ratios are shownn proteins and nucleic acids (Stryer, 1978; Joshi & Shamboo,
in Table 2. Based on these results, an average distance ofl988; Lakey et al., 1991; Cheung, 1991).
48 + 3 A was calculated between the IAEDANS (Cys-217) TPl refolding and reactivation occur at a much slower rate
and FITC binding sites in TPI. in reverse micelles than in aqueous buffer, making these
The kinetics of reassociation of TPl subunits were processes more amenable to study. Previous studies have
examined with FRET. In aqueous buffer, dilution of shown that the kinetics of reactivation and intrinsic fluores-
GdnHCI was immediately (i.e., within-23 min) followed cence changes of rabbit muscle TPI after GdnHCI dilution
by appearance of FRET, and its efficiency remained constant,in reverse micelles run in parallel (Fémiez-Velasco et al.,
at approximately 0.54, for at least 24 h (data not shown). 1995). The dependence of reactivation on protein concentra-
This rapid appearance of energy transfer is compatible with tion indicated that dimerization is the rate-limiting step during
fast refolding of TPI following dilution of denaturant revealed reactivation. In the course of refolding in reverse micelles,
by recovery of intrinsic fluorescence (Figure 3A), fluores- a high intrinsic fluorescence intermediate was detected, and
cence anisotropy of AEDANSTPI, and enzymatic activity it was proposed that this intermediate could correspond to
measurements (Figure 4A). the partially refolded monomer (F€mdez-Velasco et al.,
In reverse micelles, the kinetics of FRET increase fol- 1995).
lowing dilution of GdnHCI were slower than in agueous  To more directly monitor the events of monomer folding,
buffer and clearly resolvable in the first 30 min. A FRET dimerization, and dimer structural rearrangements in reverse

0 1 2 3 4 24

time (hs)
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micelles, in this work TPl was covalently labeled with a the renaturation process. This anisotropy value is close to
fluorescent energy transfer pair. TPl was modified with that of the trapped monomer obtained in reverse micelles
either 1,5-IAEDANS or FITC. This doneracceptor pair containing 1 M GdnHCI (0.076). Considering that full
has recently been used to investigate subunit dissociationrecovery of TPI activity is achieved, the incomplete recovery
and unfolding of TPI induced by hydrostatic pressure of fluorescence anisotropy during renaturation may result
(Rietveld & Ferreira, 1996). Careful characterization of the from constraints imposed by the micellar environment on
time course and stoichiometries of labeling allowed choosing dimerization. Apparently, in micelles the AEDANS binding
conditions where a single site per monomer was modified domain of the renatured enzyme remains in a more mobile
with either fluorophore. Under these conditions the labeled condition than in the native labeled dimer.
enzyme retained-80% of its activity. Controlled proteoly- In order to directly assay dimer formation, fluorescence
sis, SDS-PAGE, and amino acid sequencing analysis energy transfer was measured between TPl monomers
indicated that Cys-217 was modified by 1,5-IAEDANS. labeled with FITC and AEDANS. AEDANS binds to Cys-
Preliminary results of proteolysis with FIFETPI labeled 217 of TPl and FITC to one of five lysine residues in its
at a 1:1 molar ratio indicated that this fluorophore binds to carboxy terminal (from amino acid 176 to 248). Using the
one of five lysine residues found in the carboxy terminal of crystal information from chicken muscle TPI (Banner et al.,
this protein. 1975; Alber et al., 1981), the structure of the rabbit enzyme
Equilibrium studies of the unfolding of TPl by GdnHCI was modeled, and from it the calculated distances between
were carried out by measuring both intrinsic fluorescence Cys-217 and each one of these five lysines was found to be
emission and fluorescence of AEDANS bound to TPI. In in the range from 57 to 69 A. In all-aqueous medium TPI
aqueous medium, unfolding was accompanied by a signifi- renaturation occurs in very short times (Waley, 1973;
cant red shift (23 nm for tryptophan emission and 21 nm Fernandez-Velasco et al., 1995). Efficient energy transfer
for AEDANS—TPI emission) and quenching of the fluores- within heterodimers was observed-2 min after dilution
cence (50% for intrinsic fluorescence and 55% for AEDANS of the denaturant and remained approximately constant for
emission). These findings indicate a large increase in 24 h (data not shown). The distances between FITC and
exposure of tryptophan residues and of AEDANS to water AEDANS in a hetero-TPI dimer calculated from the FRET
in the unfolded state. Furthermore, the fluorescence anisot-results shown in Table 2 yielded an average distance of 48
ropy of AEDANS—TPI decreased from 0.165 in the native =+ 3 A, in reasonable agreement with the distance predicted
state to 0.015 in the GdnHCI unfolded state, indicating a from the TPI structure.

marked increase in mobility of the fluorophore. It is In reverse micelles, the appearance of enzyme activity
interesting to note that Cys-217, which is labeled by during renaturation correlated with a highly fluorescent
IAEDANS, is located on the external surface afhelix intermediate state, which has been thought of as being a

number 7, in a relatively solvent-exposed domain of TPI. partially folded monomer (Fefmdez-Velasco et al., 1995).
Despite its solvent-exposed location, the fluorescence of However, the kinetics of energy transfer observed when
AEDANS bound to Cys-217 is a good probe of the folding AEDANS- and FITC-labeled monomers were mixed under
of TPI. Intrinsic fluorescence or AEDANS fluorescence renaturing conditions were much faster than the changes in
measurements indicated that unfolding occurred with a TPI intrinsic fluorescence (Figure 6). FRET was observed
midpoint at approximately 0.65 M GdnHCI (Figure 2A). as soon as GdnHCI was dilutel € 0.36), and an increase

In aqueous medium, dilution of the denaturant was almost (to E ~ 0.50) occurred up to 60 min of refolding. After 24
immediately followed (within a couple of minutes) by an h, when 80% of the enzyme activity was recovered, the
increase in fluorescence anisotropy of AEDANEPI to efficiency of FRET was 0.50. It is thus possible that an
0.111 with a concomitant activity recovery of 80%. There- inactive dimer could be formed in reverse micelles within
after, both anisotropy and activity slowly (hours) reached the first minutes after denaturant dilution, consistent with
the native values. This latter slower phase of renaturation the high initial FRET, with a subsequent transition of the
could suggest that, after dimerization, slow conformational inactive (or less active) dimer to a fully active conformation.
rearrangements are required to achieve optimal dimerlf this explanation is correct, the intermediate with high
conformation. intrinsic fluorescence (Fefndez-Velasco et al., 1995) is not

In reverse micelles with 6.0% water, the fluorescence a monomer but the inactive dimer. Alternatively, the high
anisotropy of AEDANS-TPI was lower (0.12) than in  rate of FRET observed initially could result from the fact
aqueous medium, probably indicating that the fluorophore’s that monometrmonomer interactions in reverse micelles may
binding site has higher flexibility in micelles than in all- last long enough for energy transfer to occur without stable
agueous medium. This suggests that the micellar environ-dimer formation. The exchange of micellar content has been
ment induces structural alterations of TPI relative to the measured to be in the order of milliseconds in some systems
protein in aqueous solution. (Fletcher, 1988). However, the exchange rate of micelles

Although renaturation in reverse micelles containing 6% containing proteins having affinity for each other is not
water allowed full recovery of enzyme activity, some of the known. The slower increase in FRET could reflect stabiliza-
characteristics of refolding were different from refolding in tion of the dimer and correlates better with the appearance
aqueous medium. Dilution of the denaturant in this system of activity. The interaction between trypsin and the soybean
yields an intermediate whose intrinsic fluorescence is higher trypsin inhibitor occurs within minutes in reverse micelles
than that of both the native and the denatured enzyme (Fernandez-Velasco et al., 1995), indicating that subunits of
(Fernandez-Velasco et al., 1995). In micelles, the fluores- the size of TPI can bind in the micellar system with faster
cence emission of renatured AEDANSPI was approxi- kinetics than the recovery of TPI activity.
mately 10% higher than for native labeled enzyme, and its  To the best of our knowledge this is the first fluorescence
fluorescence anisotropy remained low(Q.08) throughout  energy transfer study of protein folding and subunit interac-
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tions in reverse micelles. This strategy can be further utilized Kauzmann, W. (19597dv. Protein Chem. 141-63.

to improve our understanding of how proteins interact in this Knowles, J. R. (1991Nature 350 121—124.

low-water system. Reverse micelles offer the possibility of taimmg" ﬁ 'é- (19;0)’;!‘6‘;”’9 22168559%8% | Biol. 218 639

trapping intermediates and studying how water affects folding La ey, J. H., Baty, D., & Patus, F. (1991) Mol. Biol. 218 639.
" . . . . akowicz, J. R. (1983principles of Fluorescence Spectroscopy

and subunit interactions. Regardmg TPl in reverse micelles, ~ pjenum Press, New York.

the work presented here indicates that, after monomerpy, H. S., Yuan, P. M., & Gracy, R. W. (1984). Biol. Chem.

refolding, an inactive dimer is generated which has to 259 11958-11968.

undergo further conformational changes to yield the func- Luisi, P. L., Giamini, M., Pileni, M. P., & Robinson, B. H. (1988)

tional dimer Biochem. Biophys. Acta 94209-246.
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