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Nanosecond and steady fluorescence techniques
ave been employed to study the interaction of retinol
ith protein disulfide isomerase (PDI). Retinol binds

ightly to PDI; and the rotational correlation time (u 5
6 ns) corresponds to a monomeric subunit of 55 kDa.
he enzyme does not undergo aggregation in the pres-
nce of low molecular weight peptides. Under dena-
uring conditions; presence of 0.75 M Gnd HCl, the
uorescence yield of bound retinol is enhanced, sug-
esting stronger interactions of exposed hydrophobic
roups of the protein with retinol. Based on far UV CD
nd fluorescence measurements of the protein in the
resence of Gnd HCl, it is proposed the existence of
olten globule intermediates during the unfolding of
DI. © 1999 Academic Press

Protein disulfide isomerase (PDI) catalyses disulfide
ond formation and isomerization within the endoplas-
ic reticulum (1, 2, 3). It acts also as a subunit of

rolyl-4-hydroxylase (4) and triacylgylcerol transfer
rotein (5) in mammalian cells. The multifunctional
rotein of 55 kDa displays chaperone activity in vitro
nd in vivo (6). It has been reported that the interac-
ion between PDI and insulin is influenced by certain
estrogens (7); hence the existence of an oestrogen-
eceptor like domain in the isomerase has been pro-
osed (8). More recently it has been shown that 17-b-
estradiol specifically inhibits the binding of some
eptides to PDI by interfering with its peptide binding
ite (9). However other hydrophobic molecules recog-
ize PDI, but they do not elicit any inhibition of either
lutathione-dependent reduction of insulin or APTase
ctivity. trans-Retinol belongs to the class of hydropho-
ic molecules which bind tightly to PDI without inter-
ering with the catalytic properties. It is the main
urpose of this work to report the interaction of retinol
ith PDI and to demonstrate that the bound ligand can
e used as a probe of conformational changes of the

Abbreviations used: protein disulfide isomerase, PDI; guanidinium
hloride, Gnd HCl.
41
nzyme. Nanosecond fluorescence spectroscopy is used
o assess the state of aggregation of PDI in the absence
nd presence of low molecular weight peptides,
hereas steady fluorescence spectroscopy is applied to

he detection of native-like intermediates of the en-
yme (molten globule) during the denaturation in-
uced by guanidine chloride (Gnd HCl).

XPERIMENTAL PROCEDURES

Protein disulfide isomerase (PDI) was purified by the method
escribed in reference (10) with small modifications. Fresh porcine
ivers (600 g) were homogenized in 0.1 M sodium phosphate (pH 7.5)
ontaining 1% Triton X-100 and 5 mM EDTA. After centrifugation,
he supernatant was treated with ammonium sulphate and the frac-
ions obtained between 55–85% saturation were suspended in 25
M citrate buffer (pH 5.3), dialysed against the same buffer (buffer
), applied to CM-Sephadex C-50 column and eluted with the same
uffer. Fractions displaying PDI activity were pooled, dialysed
gainst 20 mM sodium phosphate (pH 6.3) (buffer B) and applied to
DEAE-Sepharose fast flow column which was eluted using a linear

radient of 0-0.7 M NaCl in buffer B.
The concentration of PDI was determined using absorbance at 280

m 5 1 for 1 mg protein/ml. The activity of PDI was determined
sing the insulin reduction assay as described in reference (2). The
urified enzyme was kept at 4°C.

Denaturation of PDI. For denaturation experiments, each sam-
le was prepared by diluting 0.2 ml of protein stock solution to 2 ml
ith Gnd HCl containing buffer. The buffer was 10 mM Tris/HCl (pH
.6). Fluorescence and circular dichroism (CD) measurments were
arried out at 25°C after 1 h incubation in the presence of Gnd HCl.
his time of incubation was sufficient to achieve equilibrium.

Spectroscopy. CD spectra were recorded on a Jasco (J-40) spec-
ropolarimeter using a 0.2 cm cell. Protein concentration ranged
rom 0.035 to 0.1 mg/ml, and spectral data were acquired over the
ange 250-195 nm.
Emission spectra were recorded in a Perkin-Elmer LS-50B spec-

rofluorimeter. The excitation and emission slits were set at 2.5 nm.
mission anisotropy measurements were performed in a modified
LM polarization apparatus. Polarized fluorescence was measured
ith a precision of 60.005.
Fluorescence decay measurements were made using the monopho-

onic technique on an Ortec Model 3200 nanosecond spectrometer.
he excitation band was set at 340 nm, and the emission was filtered
hrough a glass filter (Corning C-S-3-70). Fluorescence decay mea-
urements were corrected for the finite duration of the exciting light
ulse using the method of Demas and Adamson (11). Nanosecond
mission anisotropy was determined from the fluorescence decay
0006-291X/99 $30.00
Copyright © 1999 by Academic Press
All rights of reproduction in any form reserved.
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urves of the polarized components Fv(t) and Fh(t), parallel and
erpendicular, respectively, to the plane of the incident polarized
ight. Polaroid HNB sheet polarizers were used for excitation and
mission. The exciting light was set at 340 nm and the emission was
assed through a combination of a glass filter and an interference
ut-off filter. Transmission was observed at wavelengths longer than
60 nm. The emission anisotropy is an explicit function of time (12)
iven by the following relationship: A(t) 5 D(t)/S(t) (Equation [1]).
or a rigid spherical macromolecule, the emission anisotropy is de-
cribed by a single exponential function.

Materials. Porcine livers were obtained from a local slaughter
ouse. DEAE-Sephacel, DEAE-Sepharose, CM-cellulose and Sephadex-
-25 were obtained from Pharmacia Biotechnology. Insulin, GSH,
ADPH, trans-retinol and the proteins bovine serum albumin and
-lactoglobulin were purchased from Sigma. The polypeptide masto-
aran (ILE-ASN-LEU-LYS-ALA-LEU-ALA-ALA-LEU-ALA-LYS-
YS-ILE-LEU) was obtained from Sigma.

FIG. 1. Fluorescence characteristics of trans-retinol in the ab
avelength, 340 nm; excitation and emission slits, 2.5 nm. From bot
DI (4 mM) 1 retinol (10 mM) in the absence and presence of 1 and 0
f protein fluorescence was monitored at 340 nm upon addition of in
42
ESULTS AND DISCUSSION

anosecond Spectroscopy

The binding of all trans retinol to PDI was assessed
y fluorescence spectroscopy by measuring either the
mission of bound retinol excited at 340 nm or the
uenching of protein fluorescence excited at 295 nm. A
ypical emission spectra of retinol in the absence and
resence of PDI is shown in Fig. 1. The fluorescence
nhancement detected over the spectral region 400-500
m is comparable to that observed when retinol is
llowed to interact with either bovine serum albumin
r b-lactoglobulin at a mixing molar ratio of 1 mol of
igand per mol of protein (13). Binding of retinol to PDI

ce and presence of PDI at pH 7.6 in Tris/HCl buffer. Excitation
to top; emission spectra of free retinol (10 mM); emission spectra of
M Gnd HCl. Inset: titration of PDI (2 mM) with retinol. Quenching

asing concentrations of retinol. Excitation 295 nm.
sen
tom
.75
cre
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lso elicits quenching of protein fluorescence as indi-
ated by the titration results included in Fig. 1, inset.
nder this set of experimental conditions, the stoichi-

metry of binding approaches a value of 1 mol of
etionol/per mol of PDI (55 kDa). Since retinol is im-
obilized by PDI, as indicated by the emission anisot-

opy value of 0.29 (Table 1), it is possible to use the
ydrophobic molecule in time-dependent emission an-

sotropy studies designed to investigate the rotational
ynamics of PDI.
The rotational correlation time of (u) of a macromol-

cule is proportional to the volume of the rotating unit
V) at fixed viscosity (h) and the temperature of the
olution according to Equation [2].

u 5
hV
kT . [2]

If PDI undergoes a process of reversible aggregation
n solution induced by changes in protein concentra-
ion, then the rotational correlation time would in-
rease as the volume of the rotating unit is increased.
or time dependent emission anisotropy measure-
ents retinol bound to PDI was repetitively excited by
anosecond light pulses; and the components of the
uorescence intensities Fv(t) and Fh(t) were recorded
nd analyzed as indicated in “Experimental Proce-
ures.” The function S(t) is characterized by the fluo-
escence lifetime tS whereas the function D(t) is char-
cterized by the lifetime tD if both lifetimes decay in a
onoexponential manner, then the rotational correla-

ion time is given by Equation [3].

u 5
tStD

tS 2 tD
. [3]

The results of a typical time-dependent emission
nistropy experiment experiment conducted with
etinol-PDI is given in Fig. 2, where it can be seen that
(t) and D(t) decay in a monoexponential manner with
uorescence lifetimes tS 5 6.20 ns and tD 5 5.30 ns,
espectively. Substituting these values in equation 3,
ne obtains a rotational correlation time of 36 ns for
DI. The measured rotational correlation time is com-
arable with the value expected for an hydrated parti-

Spectroscopic Prope

Sample Solvent
Deca

(

Retinol Glycerol 2
Retinol 1 PDI Tris/HCl (pH 7.6) 6
Retinol 1 PDI Tris/HCl (pH 7.6) 6
43
le of 55 kDa which deviates from spherical shape.
nder identical experimental conditions, a rotational

orrelation time of 40 ns was obtained for bovine serum
lbumin (Table 1). The effect of the polypeptide mas-
oparan of the state of aggregation of PDI was also
nvestigated by time-dependent emission anisotropy.

hen the concentration of the polypeptide (0.1 mM)
as above the concentration required to saturate the
rotein (9), the rotational correlation remained practi-
ally constant, suggesting that the polypeptide does

s of Bound Retinol

ime
Anisotropy

Rot. correlation time
(ns)

0.33
0.29 36
0.30 40

FIG. 2. Time dependent emission anisotropy measurements. De-
ays of the functions S(t) (- - -) and D(t) (—) of retinol (5 mM) bound to
DI (5 mM) excited at 340 nm. The curve for the excitation flash is

ncluded in the figure (L). Time scale is 0.578 ns/channel. Inset
hanges in rotational correlation time (u) in the absence (F) and
resence (■) of the polypeptide mastoparan. The buffer is 0.1 M
ris/HCl (pH 7.6).
rtie

y t
ns)

.3

.20

.10
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ot stimulate dimerization or the formation of high
olecular weight aggregates.

ative-like Intermediates during the Folding of PDI

The effect of guanidinium chloride (Gnd HCl) on
he conformation of PDI was investigated by steady-
tate fluorescence. PDI contains several tryptophanyl
roups distributed among distinct domains; and upon
xcitation at 295 nm shows a structureless emission
and centered at 340 nm. Addition of increasing con-
entrations of Gnd HCl brings about a decrease in the
uorescence intensity together with a progressive red
hift in the band position of the emission spectra (Fig.
). Over the Gnd HCl concentration range of 0.2-1 M,
he maximum of emission is shifted from 340 to 346

FIG. 3. Emission spectra of PDI in the presence of increasing conc
mission spectra of PDI (2 mM) in the presence of 0, 0.8, 1, 6, 3, 4, an
mission 2, 5 nm.
44
m, whereas above 1.2 M, the tryptophanyl residues
isplayed an emission maximum at 350 nm, indicating
hat most of the tryptophanyl groups have been ex-
osed to the solvent. Further increase in Gnd HCl
oncentration to the 5 M level resulted in small de-
rease in the fluorescence yield. When the unfolding of
he protein was studied by CD spectroscopy, it was
ound that the ellipticity at 222 nm, 210200
gcm2dmol21, remained practically invariant upon
hanging the concentration of denaturant from 0.2 to
.2 M, in agreement with results published in the
iterature (14).

A dramatic decrease in ellipticity takes place at con-
entrations of Gnd HCl above 1.2 M (19), and the
llipticity reaches a value of 21000 degcm2dmol21 in

trations of Gnd HCl in 10 mM Tris/HCl (pH 7.6). From top to bottom;
M Gnd HCl. Excitation wavelength, 295 nm; slits for excitation and
en
d 5
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he presence of 5 M Gnd HCl. The results of the fluo-
escence measurements, taken together with the CD
esults, indicate that tryptophanyl groups become ex-
osed to the relaxing solvent at low concentrations of
nd HCl when the secondary structure of the protein

emains practically invariant.
When the unfolding of PDI in the presence of

quimolar amounts of retinol was investigated by mea-
uring the emission of the hydrophobic chromophore
xcited at 340 nm, it was found that increasing concen-
rations of Gnd HCl from 0.2 to 0.75 M caused the
uorescence emitted by retinol to increase in the man-
er represented in Fig. 4. Above 0.75 M, the fluores-
ence undergoes a gradual decrease until it reaches the
evel of free retinol in 2 M Gnd HCl. These results are
nterpreted to mean that native-like conformations of
DI (molten globule) exist during the earlier stages of
he unfolding process. These results are different from
hose reported by Morjana et al. (14), who have postu-
ated the existence of partially folded conformations of
DI at guanidinium chloride concentrations ranging

rom 3 to 4 M at pH 7.5.
In conclusion, retinol (all-trans) can be used as a

robe of conformational changes of PDI in solution.
he state of aggregation, i.e., the dynamic interactions

FIG. 4. Fluorescence intensity of retinol bound to PDI as a func-
ion of Gnd HCl concentration (F). The fluorescence intensities were
ecorded at 470 nm upon excitation at 340 nm. Retinol concentration
5 mM), PDI 5 mM. The buffer is 0.1 M Tris/HCl (pH 7.6). Included is
he effect of Gnd HCl on the fluorescence emitted by free retinol (■).
45
f monomeric subunits at neutral pH, is easily moni-
ored by rotational correlation time measurements.
he same experimental approach could be used to
tudy the association of PDI with denatured protein
ubstrates.
Under denaturation conditions leading to exposure

f hydrophobic amino acids of the proteis, the fluores-
ence emitted by bound retinol allows the identification
f molten globule intermediates. It remains to be in-
estigated whether retinol has any effect on the chap-
rone function of PDI under in vitro and in vivo condi-
ions.
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