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ABSTRACT: Protein disulfide isomerase (PDI) acts as folding catalyst and molecular chaperone for disulfide-
containing proteins through the formation, breakage, and rearrangement of disulfide bonds. PDI has a
modular structure comprising four thioredoxin domains, a, b, b, and &', followed by a short segment, ¢. The a
and @' domains have an active site cysteine pair for the thiol—disulfide exchange reaction, which alters PDI
between the reduced and oxidized forms, and the  domain provides a primary binding site for substrate
proteins. Although the structures and functions of PDI have studied, it is still argued whether the overall
conformation of PDI depends on the redox state of the active site cysteine pair. Here, we report redox-
dependent conformational and solvation changes of PDI from a thermophilic fungus elucidated by small-
angle X-ray scattering (SAXS) analysis. The redox state and secondary structures of PDI were also
characterized by nuclear magnetic resonance and circular dichroic spectroscopy, respectively. The oxidized
form of PDI showed SAXS differences from the reduced form, and the low-resolution molecular models
restored from the SAXS profiles differed between the two forms regarding the positions of the a’'—¢ region
relative to the a—b—»' region. The normal mode analysis of the crystal structure of yeast PDI revealed that
the inherent motions of the a—b—»" and a'—¢ regions expose the substrate binding surface of the  domain.
The apparent molecular weight of the oxidized form estimated from SAXS was 1.1 times larger than that of
the reduced form, whereas the radius of gyration (ca. 33 A) was nearly independent of the redox state. These
results suggest that the conformation of PDI is controlled by the redox state of the active site cysteine residues
in the @ and @’ domains and that the conformational alternation accompanies solvation changes in the active
site cleft formed by the a, b, b, and @’ domains. On the basis of the results presented here, we propose a
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mechanism explaining the observed redox-dependent conformational and solvation changes of PDI.

Protein disulfide isomerase (PDI,' EC 5.3.4.1) (I—5) is one of
the folding catalysts existing in the lumen of the endoplasmic
reticulum, which is a specialized compartment for the folding of
secretory proteins. PDI introduces disulfide bonds in substrate
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proteins (oxidase activity) and catalyzes the rearrangement of
incorrect disulfides (isomerase activity) during the process of
protein folding and is thought to act also as a chaperone
independent of its isomerase activity (6, 7).

PDI is a member of the thioredoxin superfamily (8, 9) and has
a modular structure comprising four domains of the thioredoxin
fold, a, b, ', and d, followed by a short segment, ¢ (10—17)
(Figure 1A). The &' and @’ domains are connected by a flexible
x-linker region composed of ca. 20 amino acid residues. None-
quivalent functional roles of the four structurally homologous
domains have been revealed through biochemical and mutagen-
esis studies (/8—20). The a and & domains each contain a
WCGHCK active site sequence motif that is directly involved
in the thiol exchange reaction (8, /1) (Figure 1A). The cysteine
pair in this motif exists as an intramolecular disulfide that
catalyzes disulfide formation in substrate proteins under oxidiz-
ing conditions (oxidized form) or exists in the dithiol state to
assist the isomerization of disulfides in substrates under reducing
conditions (reduced form). For instance, the @ and « domains in
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F1GURE 1: (A) A schematic diagram of domain organization in PDI from H. insolens based on the amino acid sequences (26) and structural studies
on the a—b and ¥ — X—a' fragments (/7). The four thioredoxin domains (a, b, &', and &’) and the C-terminal short segment ¢ are shown as colored
boxes. Active site sequences and a structural disulfide between residues 59 and 66 in domain a are indicated. An alignment of the amino acid
sequences of the x-linker regions (X) is shown for H. insolens (26), yeast (14), and human (42) PDIs and human ERp57 (34). The orange
background indicates residues that are highly conserved between the four proteins. (B) SDS—PAGE patterns of PDI after a week-long incubation
in oxidizing buffer. The sample solutions were prepared in the presence (indicated by the symbol “+ above the lanes) and the absence (—) of 3-ME
before the SDS treatment. The M,,s of marker proteins are indicated to the left of the gel. (C) CD spectra of PDI, ¢4 (red line) and PDI,, (black). (D)
13C NMR spectra of PDI selectively labeled with '*C at the carbonyl carbon atoms of cysteine residues. Spectra (from the top to the bottom)
correspond to PDI,,, and PDI reduced by 2mM DTT for 5 and 15 h, respectively. (E) '>*C NMR spectra of PDI, (top) and PDI incubated with
10 mM DTT for 40, 80, 120, and 160 min. The assigned residue numbers are indicated at the top of the peaks in (D) and (E).

yeast PDI are thought to serve opposing functional roles as a
disulfide isomerase and oxidoreductase, respectively, based on
the study of disulfide bond formation in a reaction driven by the
natural oxidant Erolp (27). The b and b domains share no
obvious sequence identity with the a and &' domains (8) and are
redox inactive due to the lack of the active site sequence motif.
Although the & domain is considered to act as the principal
peptide-binding platform (17, 19, 22), all domains of the thio-
redoxin fold are necessary for the complete binding of polypep-
tides, including non-native proteins (20, 23).

The crystal structure of yeast PDI at 277 K (14) has provided a
structural framework to help to understand the action mechanisms
of this modular enzyme. The four thioredoxin domains are arranged
in a twisted “U” shape with the active sites of the a and & domains
facing each other. The inside surface of the “U” is enriched with
hydrophobic residues from the 4 domain, which are considered to
be essential for interactions with substrate proteins. In addition, the
inherent flexibility of yeast PDI has been demonstrated by the
crystal structure at 298 K (15), which displays a rearrangement of
the a and @' domains from the 277 K structure. Despite the fact the
structures and functions of PDI have been well studied, it is unclear
whether the conformation of PDI is redox dependent.

Although a study has suggested that yeast PDI acts as a redox-
dependent chaperone for the unfolding of the cholera toxin Al
fragment (24), the redox dependence of the PDI conformation is
still controversially argued (25). The arrangement of the domains
in yeast PDI depends on the temperature and crystallization
conditions (14, 15), and the oxidized form of yeast PDI is more
sensitive to protease digestion than the reduced form (24). In the
thermophilic fungus Humicola insolens, the b — X—d’ fragment of
PDI displays a rearrangement of the » and « domains that
exposes the substrate binding hydrophobic surface of the &'
domain upon oxidation of the &' active site (/7). These findings
suggest the possibility that domain rearrangements are depen-
dent on the redox state of the active sites. Thus, further structural
investigations are necessary to understand the mechanisms in the
redox-dependent function of PDI.

In an effort to understand further the redox-dependent con-
formational changes of PDI, we conducted small-angle X-ray
scattering (SAXS) analyses of H. insolens PDI. SAXS is advanta-
geous for the control of active site redox states through the
exchange of buffer solutions and provides structural informa-
tion without influences from molecular packing in crystals. The
observed SAXS profiles of PDI samples, which were characterized
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by nuclear magnetic resonance (NMR), circular dichroic (CD)
spectroscopy, and biochemical assays, demonstrated a redox-
dependent rearrangement of the & —¢ region relative to the a—b—b
region accompanying solvation changes.

MATERIALS AND METHODS

Preparation of Full-Length PDI. PDI (residues 1—485)
from H. insolens was overexpressed with an N-terminal hexahis-
tidine tag using Escherichia coli strain BL21(DE3), as described
previously (26, 27), and was free from N-glycosylation. Tagged
PDI was purified using a chelating Sepharose fast-flow column
(Amersham Biosciences, Sweden), and the tag was then removed
by a 24 h incubation in the presence of factor Xa (Amersham
Biosciences). The sample solution was dialyzed against 50 mM
Tris-HCl buffer (pH 8.0), and further purification was performed
by ion-exchange chromatography using a Resource Q column
(Amersham Biosciences).

Sample Buffer Used in the Structural Study. Prior to
performing structural analyses, we measured SAXS profiles and
CD spectra of the prepared PDI in four types of buffers
(Supporting Information Figures SI and S2). Among the buffers
tested, we found that the 10 mM HEPES buffer containing
100 mM KCI (pH 6.0) was the most suitable for SAXS analysis,
as PDI displayed very little aggregation in this buffer. Although
the buffer action of HEPES was marginal, the acidic condition
was necessary to suppress the reduction of the structural disulfide
formed by the pair of Cys59 and Cys66, which correspond to
Cys90 and Cys97 in yeast PDI (28). The solution stabilized the
PDI molecule without any adduct formation in the active site
cysteine residues and displayed very little drift in the pH.

Preparation of PDI in the Oxidized and Reduced Forms.
Following the initial purification, PDI was fully oxidized by
dialyzing against 50 mM Tris-HCI buffer (pH 8.0) containing
100 mM KCI and 0.1 mM oxidized glutathione at 277 K for
1 week. This unusually long period of incubation was necessary
because the oxidation of the active sites in thermophilic
H. insolens PDI proceeded more slowly than those of yeast and
human PDI. After the incubation, the sample solution was
purified further by ion-exchange chromatography to exclude
any contaminants appearing during the incubation period. The
purified PDI was concentrated in 10 mM HEPES buffer contain-
ing 100 mM KCI (pH 6.0) by ultrafilteration.

PDI in the reduced form was prepared simply by adding DTT
at a final concentration of 10 mM to the solution of PDI in the
oxidized form immediately after being purified by ion-exchange
chromatography. SAXS, CD, and NMR measurements for PDI
under reducing buffer conditions were performed after more than
a 40 min incubation of the PDI-=DTT mixture (see the Results
section).

The apparent molecular weights (M,,s) of PDI in the reducing
and oxidizing buffers were measured by size-exclusion chromato-
graphy. Sodium dodecyl sulfate—polyacrylamide gel electropho-
resis (SDS—PAGE) was used to analyze the samples prepared in the
presence and the absence of 2 mM f-mercaptoethanol (5-ME).

Nuclear Magnetic Resonance Spectroscopy. One-dimen-
sional *C NMR spectra of PDI were measured at 310 K on an
AMX400 spectrometer (Bruker Biospin) as described previously
(29), using a 100 mm NMR sample tube filled with 12.5 mg/mL
PDI dissolved in 10 mM sodium phosphate buffer containing
100 mM KCland 0.05% (w/v) NaN5 (pH 7.3). The active site and
structural disulfides were reduced more rapidly under this solvent
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condition than the buffer used for SAXS measurements (des-
cribed below). The purpose of the NMR measurement was the
assignments of the observed carbonyl *C signals by combining
the double-labeling method and the spectral comparison between
full-length PDI and its a—b and ¥ —X—d fragments obtained
in a previous study (/7). Each '*C NMR spectrum was collected
for 5 h to obtain good signal-to-noise ratio for unambiguous
assignments.

A time-course NMR analysis of PDI was carried out to
determine the redox state of the active site and structural
disulfides of PDI under the identical solvent conditions used in
the SAXS experiments. The PDI sample (25 mg/mL) was
dissolved in 10 mM HEPES buffer containing 100 mM KCI
and 0.05% (w/v) NaNj (pH 6.0), and one-dimensional *C NMR
spectra were measured at 303 K on an Avance 600 spectrometer
equipped with a TCI cryogenic probe (Bruker Biospin). After the
addition of 10 mM DTT, '*C NMR spectra were successively
collected every 40 min. The assignments of observed carbonyl '*C
signals were performed by comparing the results with the NMR
experiment described above.

CD Spectroscopy Measurements. CD spectra in the region
0f 200—250 nm were measured for PDI samples of 0.1 mg/mL in
10 mM HEPES buffer containing 100 mM KCI (pH 6.0) using a
J-725 spectropolarimeter (JASCO) at 293 K. The spectra of
buffer solutions were subtracted from those of the sample
solutions.

SAXS Experiments. SAXS data were collected at the
BL40B2 of the SPring-8 (Hyogo, Japan) according to the
procedure described previously (30). The X-ray wavelength was
1.0000 A, and an R-AXISIV*™ system (Rigaku, Japan) was used
as the detector at a camera distance of 1000 mm. The exposure
time was 60 s, and the temperature of samples was maintained at
298 K. The concentration of the PDI solution was less than
10 mg/mL in 10 mM HEPES buffer containing 100 mM KCl
(pH 6.0). PDI in the reduced form was prepared as described
above 40 min prior to the measurements. SAXS of hen egg white
lysozyme (M,, of 14300; Sigma) were also collected as a reference
for determining the apparent M,, of PDI. The SDS—PAGE for
X-ray-exposed samples indicated that a 60 s exposure caused very
little radiation damage.

SAXS Analysis. Two-dimensionally recorded SAXS pat-
terns were reduced to one-dimensional profiles after subtracting
the background scattering of the buffer solution. SAXS profiles
in the small-angle region were analyzed by Guinier’s approxima-
tion (37). The scattering intensity /(S,C) at a scattering vector
S and a protein concentration C was approximated using the
forward scattering intensity /(S = 0,C) and the radius of gyration

Ry(C) as

1(S,C) =I(S = 0,C) exp|(— 47%/3)Re(C)*S?] S = 25in 6/
where 20 is the scattering angle and 1 is the wavelength of the
X-ray.

Under diluted conditions, the concentration dependencies of
I(S = 0,C) and Rg(C)2 were approximated as

KC/I(S = O,C) = l/Mw+2A2C

R(C)? = Ry(C = 0)*~ B, C

where K is a constant, M, is the apparent molecular weight of a
protein, A, is the second virial coefficient, and By, reflects the
interprotein interactions (3/). Attractive interaction results in
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negative 4,, whereas repulsive ones give positive values. The sign
of Byis 1dent1ca1 to that of 4,. Assuming a partial specific volume
of 0.74 cm®/g for soluble proteins, the apparent M,, of a protein
can be determined by /(S = 0,C = 0) of a reference protein
(lysozyme) with a known M,,.

The intensity profilesin S < 0.01 A were extrapolated to the
infinite dilution limit to correct for the concentration effects on
the scattering profiles. The corrected profiles were merged with
the profile in S > 0.01 A" measured from a 10 mg/mL PDI
solution. The distance-distribution function P(r) was then calcu-
lated for the merged profiles using the program GNOM (32).

The program GASBOR (33) was used to restore the low-
resolution molecular models of PDI from the corrected SAXS
profiles as an assembly of small spheres called dummy residues.
GASBOR minimizes the discrepancy between the experimental
and calculated scattering profiles by keeping a compactly inter-
connected configuration of the dummy residues approximating
the molecular shape. The discrepancy in intensity was monitored
with the % value defined as

=1/(N-1) Z {[c(8)) Texp () = Klmoaet(S))]/(S)) Y

where N is the number of experimental data points, S; is the
scattering vector of the jth data point, ¢(S)) is a correction factor
K is a scale factor, and o(S)) is the stafistical error in the
experimental scattering profile Ioxp(S)). Imodei(S;) represents the
scattering profile of the predicted structural model. Because
the GASBOR analysis does not provide a unique solution for
the three-dimensional structure, 10 independent calculations
were performed for each profile, and the obtained molecular
models were aligned manually. The program CRYSOL (34)
was used to calculate the scattering profiles from the atomic
models of PDI.

Normal Mode Analysis. The normal mode analysis was
applied to the crystal structures of yeast PDI (ref /4, PDB entry
2BSE) and human ERp57 (ref 35, PDB entry 3F8U) using the
elastic network model (36, 37). This model approximates a
protein structure as an assembly of Co atoms and springs
connecting Ca-atom pairs apart within a given cutoff distance.
The computation was performed using the program ELASTN
coded by M. Nakasako. By performing trial calculations, the
cutoff distance was selected to maximize the correlation between
the thermal factors from the normal mode analysis and from
those of the crystal structure. The force constant of the spring was
then adjusted so as to equalize the sum of the theoretical and
experimental thermal factors (37).

RESULTS

Preparation of PDI Samples. The SDS—PAGE patterns
for the sample purified by ion-exchange chromatography after a
week-long incubation demonstrated the purity and the homo-
geneity of the prepared PDI samples, which was also supported
by the elution profiles observed in the size-exclusion and ion-
exchange chromatography (data not shown). SDS—PAGE in the
presence and absence of f-ME (Figure 1B) indicated that PDI
in the oxidized form was free from intermolecular disulfides
even after the incubation. As the reduced form of PDI
was prepared through a 40 min incubation in the presence of
10 mM DTT added to PDI in the oxidized form immediately
following purification by ion-exchange chromatography, the
purity of the reduced form was identical to that of the oxidized
form.

Nakasako et al.

We confirmed that very little degradation and proteolysis
occurred in the purified PDI samples by ion-exchange chromato-
graphy through comparing their observed SAXS profiles, zero-
angle scattering intensities, and R,s with those calculated for the
domains and fragments which could possibly appear during
degradation (Supporting Information Figure S3 and Table S1).
The possibility of dimer formation in the purified PDI solu-
tions was also excluded by comparing the experimentally
obtained scattering profiles, the Ry, and 1(0,0) values of SAXS
with those simulated from dimers found in the crystal structures
of yeast PDI (14, 15) (Supporting Information Figure S4 and
Table S1).

We also examined whether purified PDI in the oxidized
form retained substrate-binding activity. The purified PDI inter-
acted with scrambled RNase A as demonstrated by surface
plasmon resonance measurements (/7) and could bind somato-
statin, a competitive inhibitor against substrates of bovine liver
PDI (38, 39), as monitored by changes in the profiles and R,
values in SAXS analysis (Supporting Information Figure S95).
Thus, the purified PDI in the oxidized form was shown to
possess substrate-binding activity, and the substrate-binding
platform was likely free from contaminants, such as small peptide
fragments.

Redox State of the Active Site and Structural Cysteine
Pairs. Prior to the NMR analysis, we confirmed that the
secondary structure of PDI was independent of the redox
conditions of the buffers by CD spectroscopy (Figure 1C). The
NMR spectra for PDI under the solvent condition for rapid
reduction of the active site and structural disulfides were then
obtained (Figure 1D). This analysis provided a footprint of the
NMR signals from the six cysteine residues of the a and o
domains in their disulfide and dithiol states. Thus, the NMR
experiment revealed that the structural disulfide was maintained
for approximately 5 h even in the presence of 2 mM DTT
(Figure 1D).

Time-course NMR measurements were also performed to
determine the redox state of the six cysteine residues under
the identical buffer conditions used in the SAXS analysis
(Figure 1E). Because the measurements were repeated every
40 min, the obtained NMR spectra had higher background
noise than those shown in Figure 1D; however, it was possible
to determine the disulfide state of the active site and non-
structural cysteine pairs from the spectra shown in Figure 1D.
The NMR signals of the disulfides gradually disappeared, and
signals of the dithiol state arose after the addition DTT to the
PDI solution (Figure 1E). The data indicated that structural
disulfide Cys59—Cys66 was maintained for 40—120 min, whereas
the active site disulfides of residues 30—33 and 365—368 were
nearly reduced within 40 min.

On the basis of the NMR results and the CD data, we
designated PDI under the oxidizing buffer conditions as the
oxidized form (PDI,), and PDI incubated in the reducing buffer
for 40—120 min was designated as the reduced form (PDI,q).

SAXS Profiles. SAXS profiles of PDI,q and PDI,, dis-
played shoulders atca. S = 0.025 A~" and broad maxima at ca.
S = 0.050 A~' (Figure 2A). The profiles were qualitatively
similar to that calculated from the crystal structure of yeast
PDI at 277 K (14); however, the scattering intensities of both
PDI,q and PDIOX were significantly higher than those calculated
at S < 0.01 A1,

At all of the concentrdtrons measured, the scattering inten-
sities at S < 0.006 A~" increased in PDI,,, whereas those at
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F1GURE 2: (A) SAXS profiles of PDI,, (red symbols) and PDI,.q (blue) at the dilution limit. The scattering profiles of PDI,, are shifted upward for
clarity. The observed profiles were compared with those calculated from the restored molecular shapes (black lines). The bottom curve compares
the profiles of PDI,,, PDI,4, and the crystal structure of yeast PDI at 277 K (black dots). The inset shows the P(r) functions of PDI,.q and PDI .
(B) Guinier plots for PDI (red) and PDI,.4 (blue) at 4 mg/mL. The solid lines were calculated by the Guinier approximation for regions indicated
by the pair of arrows. The inset shows the concentration dependencies of C/I(0, C) and R4(C). The regression lines were calculated by the least-
squares method.

Table 1: Molecular Weights and Structural Parameters of PDI and Fragments

M,, from sequence (k) M,, from SAXS (k) Ry(C = 0) (A) Diax (A) y” values of restored models
PDI, 53.1 664+ 1.6 334+04 12745 1.2—-1.5
PDI,cq 58.8+1.9 32.7+0.7 12245 1.8—2.4

ca. S = 0.020 A~" decreased (Figure 2A). This increase indicated
a larger apparent M, of PDI,, than that of PDI,.4, and the
decrease suggested that the rearranged domains were separated
by ca. 40—50 A according to the reciprocity between the
scattering vectors and distances of the electron pairs in solute.
The changes in the SAXS profile were different from those
between PDI, in the presence and absence of somatostatin
(Supporting Information Figure S5), suggesting that the con-
formations of PDI,.4, unliganded PDI,,, and liganded PDI,
differed from each other.

Guinier Analysis. When the concentration of the PDI
solution exceeded 6 mg/mL, scattering caused by interparticle
interferences (30) slightly smeared the small angle region of
S < 0.005 A™". Thus, in the Guinier analysis, we used profiles
recorded from PDI solutions with concentrations less than 6 mg/
mL. The Guinier plots of both PDI,, and PDI, .4 were approxi-
mated by straight lines in the region of 5 x 107° < §% < 60 x
107 A2, and the calculated C/I(S = 0,C) and RgZ(C) values
displayed linear concentration dependencies (Figure 2B). These
findings demonstrated the monodispersive properties of PDI,.4
and PDI,,. The apparent M,s of PDI,q and PDI,, estimated
from I(S = 0,C = 0) were 1.1 and 1.2 times larger than that

calculated from the amino acid sequence of H. insolens PDI,
respectively (Table 1). The Ry(C = 0) of PDI differed by only
ca. 1 A from that of PDI,q (Table 1). The I(S = 0,C) of PDI,4
increased in proportion to C, whereas its Rg(C)2 value decreased.
The concentration dependencies of the two parameters were
opposite in the signs between PDI,,, and PDI, .. Thus, PDI 4
displays repulsive intersolute interactions, whereas those of
PDI,,, are attractive. )

The SAXS profiles at the infinite dilution (S < 0.01 A~") and
that from the 10 mg/mL PDI solution with good statistics (S >
0.01 A™") were merged for the following analyses. The P(r)
functions of PDI.x and PDI,¢q had two maxima at ca. 25 and
45 A, corresponding to the center-to-center distances among the
four domains and monotonously decreased to the maximum
dimensions (Dp,yy) (Figure 2A and Table 1), which only differed
by 5 A between PDI,, and PDI,q. Due to the increase in the
apparent M,, of PDI,y, the P(r) of PDI took higher values than
that of PDI,q.

Low-Resolution Molecular Models of PDI,.q;and PDI,,..
The restored molecular models of both PDIq and PDI
appeared as “y” shapes (Figure 3A) and reproduced the experi-
mental profiles (Figure 2A), as indicated by the %* values
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Yeast PDl at 277 K Human ERp57

FIGURE 3: (A) Molecular shapes of PDI,.y and PDI,, restored from the SAXS profiles are shown by the densities of dummy residuesin 4 x 4 x
4 A? cubes after superimposing 10 independently restored models that were aligned so as to optimally overlap. The black dashed lines trace the
high-density region, and the pink dashed lines help to illustrate the redox-dependent structural differences. The molecular models were compared
with the crystal structures of yeast PDI at 277 K (PDB ID 2B5E (/4)) and human ERp57 (3F8U (35)) and were manually fitted to the molecular
shape so that the a—b—b' region fit to the triangular-shaped part. The crystal structures are shown as space-filling models, and the domains are
colored according to the scheme in Figure 1A. This panel was prepared using PyMol (54). (B) Illustration of the normal mode motions with the
lowest energy in the crystal structures of yeast PDI at 277 K (/4) and ERp57 (34). The 10 times magnified amplitudes of the motions are illustrated
by colored sticks, which indicate the directions of the motions from the yellow to the blue ends. The cutoff distance applied in each calculation

was 15 A.

(Table 1). The number of dummy residues necessary to reproduce
the profile of PDIy (500 dummy residues) was ca. 1.1 times
larger than that for PDI.q (450 dummy residues). This ratio
correlated with the discrepancy in the apparent M,,s of PDI 4

and PDI,, estimated by the Guinier analysis (Table 1). The
molecular models were similar to the SAXS model of human
ERp57 (40), and the crystal structures of yeast PDI at 277 K (14)
and human ERp57 in the liganded form (35), but were distinct
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from the SAXS models of human ERp72 (4/) and human
PDI (42).

Each molecular model was roughly divided into two parts: one
consisted of a triangular assembly of three globular domains with
approximate diameters of 25 A and the other formed an ellipsoid
shape ca. 40 A long and 25 A wide. The triangular cluster was
modeled as the a—b—b' region, and the ellipsoid was assigned to
the @’ —c region by referring to the reported crystal structures of
yeast PDI at 277 K (14) and human ERp57 (35). In PDI, the
position and orientation of the @’ —¢ region relative to the a—b—b'
region were distinct from those in PDI,.4, suggesting a redox-
dependent rearrangement of these two regions.

It was difficult to simultaneously overlap the four domains in
the crystal structure of yeast PDI at 277 K in any orientation on
the SAXS models. When the a—b—b' region of the crystal
structure was optimally superimposed to the triangular assembly,
the @' —¢ region did not overlap with the ellipsoid parts of PDI,
and PDI,, (Figure 3A). In contrast, the four thioredoxin domains
in the crystal structure of ERp57 fitted the molecular model of
PDI, better than those of yeast PDI (Figure 3A).

Normal Mode Analysis. Normal mode analyses on the
crystal structures of yeast PDI (/4) and ERpS57 (34) provided
clues for understanding the inherent intermolecular motions in
the restored modular structures (Figure 3B). In the lowest mode,
the a, b, and b domains rotated collectively around the center
of the a—b-b region, and the & —¢ region rotated around the
x-linker region in an antiphase against the movement of the
a—b—b region. This antiphase movement was likely intrinsic in
the modular structure and was advantageous for changing the
solvent accessibility of the primary substrate-binding platform in
the &' domain.

DISCUSSION

The SAXS analyses of spectroscopically and biochemically
characterized PDI samples (Figure 1) suggested a redox-depen-
dent rearrangement of the a'—c region relative to the a—b—b
region (Figures 2 and 3) and quantitatively demonstrated
changes in the apparent M,s in keeping with the molecular
dimensions indicated by the R, and D, (Figure 2 and Table 1).
On the basis of these experimental findings, we here discuss the
mechanisms in redox-dependent conformational and solvation
changes.

Flexibility of the x-Linker Region. The present SAXS
data revealed full-length PDI undergoes redox-dependent con-
formational changes, particularly in the «'—c¢ region. In our
previous SAXS and NMR study on the ' —X—a' fragment of
H. insolens (17), the arrangement and hydration of the domains
were dependent on the redox state of the @' active site, whereas
those of the a—b fragment were nearly independent of the redox
state of the & active site. Thus, in both the full-length and
truncated fragments of PDI, the oxidation of the &' active site
likely induces movements of the ¢ domains to increase the
solvent accessibility of the hydrophobic surface of the  domain.
For this movement, the conformational flexibility of the x-linker
region is likely necessary, as predicted from the normal modes
inherent in the modular structure of PDI (Figure 3B).

Conformational flexibility of the x-linker region has been
reported to be critical for substrate-binding site accessibility in
both yeast and human PDIs. For example, the x-linker region of
yeast PDI displays different conformations in two crystal
forms (14, 15), and solvent accessibility to the ' domain in
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human PDI is modulated by the alternative conformations of the
x-linker region (43). In addition, the C-terminal region of ERp44,
corresponding to the x-linker regions of human PDI, H. insolens
PDI, and human ERp57, displays a reversible capping of the
substrate binding site located in its & domain (44). Considering
the high sequence identity of the x-linker regions among yeast
and H. insolens PDIs and human ERp57 (Figure 1A), these
experimental findings suggest that the conformational flexibility
of the x-linker region is likely a common characteristic in these
three proteins.

In yeast PDI, the a, &', and ' domains are reported to work
cooperatively (45). The @' and b’ domains have predominant roles
for substrate binding, although all four thioredoxin domains are
required for the function of the enzyme (/9). On inspection of the
crystal structures of yeast PDI (/4) and human ERp57 (35),
the flexible x-linker appears to be necessary for the movement of
the @ domain to alter the solvent accessibility of the substrate-
binding surface of the  domain, whereas the movement of the a
and b domains would be restricted by the short loop connecting
them. In H. insolens PDI, the b’ — X—d’ fragment acts as the major
substrate-binding site, with the a—b region supporting the
binding (/7). This is similar to the case for human PDI, as the
b —X—d region fulfills the minimum requirement for the sub-
strate-binding function, and the a—b region enhances the func-
tion (46). Therefore, the flexibility of the x-linker may be relevant
to the asymmetry regarding the conformational flexibility be-
tween the a—b and « —x—¥ regions in full-length PDIs. Con-
cerning the &' —x fragment of human PDI, mutational studies of
its x-linker region have revealed the possibility that the linker
modulates the exposure of the substrate-binding surface of the
b’ domain (43). Although the current knowledge on the effects of
mutations is still limited to the non-native fragment, systematic
mutational studies of the x-linker residues in full-length PDIs will
be helpful to further understand the role of the linker in the
conformational flexibility of PDI.

Redox-Dependent Solvation Changes. The apparent M,s
of PDI,q and PDI,, were larger than those calculated from the
amino acid sequence (Table 1). The discrepancies are enhanced
depending on the types of additive ions and reagents present in
the buffers (Supporting Information Figure 1). With respect to
human PDI, the reported SAXS M,, of 69K is 1.2 times larger
than the M, calculated from the amino acid sequence (57K) (42).
Because the M,, from SAXS analysis reflects the sum of the
electron densities in a solute, this inconsistency can be attributed
to solvation. When solvation clusters or shells have higher
electron densities than the bulk solvent, the resulting SAXS
profiles are smeared (47, 48). For instance, yeast PDI at 277 K
with an accessible solvent area of 26000 A is able to associate
with 1300 hydration water molecules, when assuming the average
area (ca. 20 A%) is covered by one hydration water molecule in a
monolayer hydration of soluble proteins (49). The discrepancies
in the M,;s of PDI .4 and PDI,, correspond to ca. 300 and 700
hydration water molecules, respectively. As the contribution of
hydration water or solvent molecules to the scattering profile
depends on their mobility on the protein surface, hydration water
or solvent molecules causing an increase in the M, are considered
to have low mobility, and the monolayer hydration shell there-
fore likely comprises mobile solvent molecules.

Because R,(C = 0) is the second moment of electron density
distribution within a solute, it is insensitive to changes in electron
densities at the central region of a solute. This general char-
acteristic of R, allows us to speculate that PDI,,, and likely
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FiGure 4: (A) Putative PDI .y and PDI,, models without (top) or
with (bottom) solvation in the cleft formed by the four thioredoxin
domains. The a, b, b, and & domains were separately and manually
fitted to the SAXS models. In the solvated models, water molecules
(cyan-colored spheres) taken from a snapshot of a molecular dyna-
mics simulation (55) were set in the cleft so as to avoid fatal overlaps
with the domains. The numbers of water molecules in the PDI,.q and
PDI,, models were adjusted to 300 and 700, respectively, as predicted
from their apparent M, values. This panel was prepared using
PyMol (54). (B) The scattering curves of the models without (green
dotted lines) and with (black lines) hydration water molecules in the
cleft were compared with the observed profiles of PDI,¢q (cyan) and
PDI, (red). The R, values of the PDI, and PDI,, models without
water molecules were 32.0 and 31.2 A, respectively. The “simulated
hydration” of the active site cleft contributed slightly to the increase
of R, values of the PDI, (33.1 A) and PDI,q (32.0 A) models.

PDI,.4, adsorbs solvent molecules at the molecular center located
at the substrate-binding cleft formed by the four thioredoxin
domains. The b'—X—d' fragment in the oxidized form has an
apparent M,, that is 1.1 times larger than that in the reduced
form, whereas the M, of the a—b fragment is independent of the
redox state (/7). Thus, the surfaces of the &' and &’ domains would
provide the solvation platform in PDI.

Figure 4A shows putative models for “solvated” PDI,.q and
PDI,,. In these models, water molecules representing solva-
tion are set on the mastoparan-binding surface of the & —X—d'
region, which was identified by our NMR analysis (/7). The
solvated models reproduce the experimental SAXS profiles in
S < 0.02 A™" and R, values much better than those without
water molecules. Thus, the redox-dependent alternation of SAXS
profiles is likely a result of not only the rearrangement of the @' —¢
region, but also by the solvation change on the surface of the
b —d region.

The hydration of hydrophobic protein surfaces, such as the b’
domain, is under active investigation, but the process is known to
be distinct from that surrounding polar protein atoms (50).
Oligomeric clusters of water molecules are suspended on hydro-
phobic surfaces through van der Waals contacts with apolar
atom groups and are anchored by hydrogen bonds to polar
protein atoms surrounding the surfaces (57). The relevance of
hydrophobic hydration to the observed redox-dependent con-
formational changes in PDI is discussed in the following section.

How Does the Redox Change in the a' Active Site Affect
the Dynamics of the b' Domain?. In several PDIs, the redox
state of the & domain appears to influence the dynamics of the &
domain. For instance, mutations destabilizing the ¢’ domain in
human PDI alter the peptide-binding activity that is presumably
conducted by the &' domain (52). Although several ideas have
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been proposed to explain how the redox state of the &' active
site regulates the dynamics of the »' domain, it is considered
that conformational changes in the active site upon oxidation
decrease the conformational flexibility of the &' domain (5).

In the @' —X—b' fragment of H. insolens PDI, oxidation of the
« domain induces changes in the dynamics of the  domain, as
revealed by NMR measurements of the hydrogen—deuterium
exchange and R, relaxation rates (/7). In the reduced form,
signals of the nuclear Overhauser effect between the ' and b
domains are difficult to detect (unpublished data). In the present
SAXS study, we observed the redox-dependent movement of the
@' —c region; however, the a' active site is at a distance of greater
than 23 A from the mastoparan-binding region in the putative
model presented in Figure 4A. Although the altered dynamics
surrounding the &' active site may be a predominant factor for
regulating the dynamics of the & domain, we could not deny the
possibility that the redox-dependent solvation/hydration changes
upon oxidation of PDI influence the dynamics of the &' domain,
similar to the hydration-controlled domain motions observed in
certain enzymes (50, 53).

On the basis of the hydration changes in PDI, we propose the
following scenario for the observed dynamics of the &' domain
induced by the oxidation of the &' active site. Oxidation of the a’
active site alters the surface property from a hydrophilic dithiol in
the reduced form to a hydrophobic disulfide under the influence
of histidine (/7). This change likely requires reorganization of the
hydration from a hydrophilic to hydrophobic mode (50). Such a
reorganization may assist to transmit the redox change in the
active site to a marginal part of the # domain located near the &
domain. This hypothetical mechanism could be examined in
future studies by monitoring the structural changes induced by
hydration in the cleft of PDI using spectroscopic techniques.
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