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INTRODUCTION

NATIVE DISULFIDE BOND formation is one of the rate limit-
ing steps for protein folding for proteins destined for

secretion or for the outer membrane. In order to facilitate this
process organisms have developed complex networks of pro-
tein folding catalysts. In the periplasm of gram negative bac-
teria there is the Dsb (disulfide bond forming) family of en-
zymes (for review, see Ref. 4), while in the endoplasmic
reticulum of higher and lower eukaryotes there is the PDI
(protein disulfide isomerase) family of enzymes (for reviews,
see Refs. 8 and10).

Bovine PDI was the first catalyst of protein folding re-
ported, nearly 40 years ago (12) and for many years was
thought to be the sole catalyst of disulfide bond formation in

the endoplasmic reticulum. However, over the past decade a
series of PDI family members have been reported and cur-
rently humans are known to have at least seventeen ER-
located family members (8).

To date there has been no systematic evaluation of the rela-
tive abundance of all of the human PDI family members, nor
of their regulation at the transcriptional, translational or pro-
tein level nor of the enzymological properties of the different
members of the PDI family. To initiate such a study we have
initially focused on the basic question of whether different
members of the human PDI family have different thiol-
disulfide chemistries. We have recombinantly expressed and
purified six members of the human PDI family and the pep-
tide thiol-disulfide oxidase activity of each enzyme was
tested, including an examination of the pH-dependence of ac-
tivity and details of the nature of the rate limiting step. These
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studies reveal that, with the exception of PDIr, these enzymes
possess remarkably similar activities in this assay. Potential
differential functions for these enzymes in light of these re-
sults are discussed.

MATERIALS AND METHODS

Generation of expression vectors:

The constructs used here (Table 1) were generated for a
previous study on defining the domain boundaries of the
PDIs (1).

Protein expression and purification:

Protein production was carried out in E. coli strain BL21
(DE3) pLysS. Purification of the proteins was as per that of
ERp18 (2) except that PDIr was applied to a Resource S cation
exchanger and not a Resource Q anion exchanger. The con-
centration of each protein was determined spectrophotometri-
cally using a calculated absorption coefficient at 280 nm.

Oxidase assay:

The method of Ruddock et al. (21) using a fluorescent de-
capeptide (NRCSQGSCWN) was used to determine the oxi-
dase activity of each of the purified human PDI family mem-
bers. Disulfide bond formation (oxidation) is monitored by
the quenching of the intrinsic fluorescence of the single tryp-
tophan in the peptide as the arginine residue is brought into
close proximity upon disulfide formation. McIlvaine buffer
(0.2 M disodium hydrogen phosphate/0.1 M citric acid; pH
3.0–7.5) to give a final assay volume of 1 ml was placed in a
fluorescence cuvette. Except where noted in the text, to this
was added 10 µl of oxidized glutathione (50 mM stock solu-
tion in buffer A), 20 µl of reduced glutathione (100 mM stock
solution in buffer A) and 5–10 µl of enzyme. After mixing,
the cuvette was placed in a Perkin-Elmer LS50 spectropho-
tometer for 5 min to allow thermal equilibration of the solu-
tion. 20 µl of substrate peptide (170 µM in 30% acetonitrile/
0.1% TFA) was added, mixed, and the change in fluorescence
intensity (excitation 280 nm, emission 350 nm, slits 5/5 nm)
was monitored over an appropriate time (15 min to 1 h) with

600 to 1800 data points being collected. Analysis of the data
was as Ruddock et al. (21), except where noted in the text.

For all enzyme-catalyzed reactions, the rate of reaction was
directly proportional to the enzyme concentration used. Ini-
tially all enzymes were tested at near equivalent molar active
site concentrations which for PDI enabled the activity to be
monitored over the entire pH range. Due to its higher activity
the concentration of ERp57 subsequently had to be lowered to
enable the reaction to be monitored, the concentration of PDIp
raised to determine activity over the noncatalyzed reaction and
the concentration of PDIr was raised to the maximal possible
to examine the very low oxidase activity this enzyme had.

For P5 in the absence of substrate at pH values of 5 or
below, a small linear decrease in fluorescence was observed,
possibly representing loss of protein through aggregation.
While this represented maximally a loss of 2% of the fluores-
cence signal of P5 over the course of an assay, the large num-
ber of tryptophans that P5 possesses meant that this became
significant in analyzing the assay results. This was corrected
for by adding back the measured loss of P5 signal to the fluo-
rescent peptide assay results performed at these low pH val-
ues. Other than this effect: (a) the average change in fluores-
cence of the enzymes was maximally 0.5% (probably
reflecting photobleaching) and (b) the average decrease in
fluorescence during peptide oxidation was constant for en-
zyme-catalyzed and noncatalyzed reactions. These two con-
trols ensured that the only change in fluorescence being ob-
served was due to that of the substrate peptide.

RESULTS

Protein production

All of the vectors generated in this study produced soluble
proteins of the expected molecular weight, which could be
purified to near homogeneity by a simple combination of im-
mobilized metal affinity chromatography and ion exchange
chromatography (Fig. 1). The primary source of contamina-
tion was proteolytic degradation, but this was very minor ex-
cept for PDIr. The addition of protease inhibitors during the
cell-lysis step decreased the amount of proteolytic product
obtained during the purification of PDIr but did not com-
pletely eliminate the problem (data not shown). From SDS-
PAGE the primary degradation contaminant from the PDIr
purification appears to be three domains in size and since this
binds to the IMAC column and the his-tag is N-terminal, it
must be the C-terminal fourth domain which is lost. This con-
taminant co-elutes with full-length PDIr from the ion ex-
change column. The PDIr used for the assays was about 95%
pure, with 5% degradation product. To our knowledge this is
the first reported purification for recombinant mature (his-
tagged) human PDIp, P5, and ERp72.

Peptide oxidase assay for recombinant 
mature human PDIs

The peptide oxidase-activity of the PDIs can be monitored
in real time using a substrate peptide in which quenching of
the intrinsic fluorescence of the single tryptophan occurs as

TABLE 1. PLASMIDS USED IN THIS STUDY

Name Construct

pLWRP64 human PDI D18-L508
pLWRP69 human PDI D18-A137
pKEHS69 human ERp57 S25-L505
pHIA64 human ERp72 V20-L645
pHIA43 human P5 L20-L440
pAP32 human PDIp Q22-L507
pHIA44 human PDIr S22-L519

With the exception of pLWRP69, which generates the
isolated a domain of human PDI, the remainder generate full-
length mature protein, based on analysis of the preferred cleav-
age site of the signal sequence. All constructs were MHHHH-
HHM-N-terminally tagged.
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an arginine residue is brought into close proximity upon the
formation of a disulfide bond (21).

All six of the human PDI family members tested showed
catalytic peptide thiol-disulfide oxidase activity at pH 6.5
(Table 2). On a per molar active site basis, ERp57, ERp72,
and P5 showed more activity than PDI or PDIp (see Fig. 4).
Correcting for the noncatalyzed reaction PDIr exhibited only
6% of the activity of PDI on a per molar active site basis.

Previously it had been shown that for V. cholerae DsbA and
bovine PDI the rate limiting step for the peptide oxidation re-
action was reoxidation of the enzyme by glutathione; consis-
tent with this observation, the decrease in fluorescence was
linear for over 50% of the oxidation reaction (21). An initial
examination of the results indicated that a) the specific activ-
ity of recombinant human PDI was substantially greater than
that of the bovine PDI previously reported; b) that the kinet-
ics of oxidation for many of the reactions observed were more
complex than those of bovine PDI.

Enzyme-catalyzed peptide oxidation in its simplest form
can be broken down into four distinct phases, each of which
requires the rearrangement of covalent bonds and hence

which could potentially be the rate limiting step in the reac-
tion. In addition to these steps, there will also be association
reactions (e.g., to form noncovalently linked substrate-
enzyme complexes)

Enzyme (ox) + Peptide (red) � Enzyme–peptide (1)

Enzyme–peptide � Enzyme (red) + Peptide (ox) (2)

Enzyme (red) + GSSG � Enzyme-SG + GSH (3)

Enzyme-SG � Enzyme (ox) + GSH (4)

Initially a mixed disulfide complex is formed between the
peptide and the N-terminal cysteine of the enzyme active site
CXXC motif (reaction 1). This mixed disulfide can either be
subject to nucleophilic attack by the C-terminal cysteine of
the enzyme active site resulting in the formation of the start-
ing material (reverse reaction 1) or by a free thiol group on
the peptide (reaction 2) to generate reduced enzyme. To com-
plete the catalytic cycle, the enzyme must be reoxidized by
oxidized glutathione, which is again a two-step process with
the initial formation of a mixed disulfide between the enzyme
and the glutathione tripeptide (reaction 3) followed by nucle-
ophilic attack by the C-terminal cysteine to form oxidized en-
zyme and reduced glutathione (reaction 4). Further complexi-
ties arise due to the potential ability of the reduced enzyme to
reduce oxidized peptide (reverse reaction 2) and from the po-
tential ability of reduced glutathione to reduce the oxidized
peptide or oxidized enzyme or the enzyme–peptide complex
(in each case to form a mixed disulfide) or the enzyme-glu-
tathione mixed disulfide (to form reduced enzyme and oxi-
dized glutathione).

Two extreme cases which give rise to simple kinetic
schemes are possible in which either peptide oxidation is
rate limiting or enzyme reoxidation is rate limiting. In the
system being studied only the net effect of the conversion of
reduced to oxidized peptide is observed and [GSSG] >>
[peptide] > [enzyme]. The outcome of this is that if peptide
oxidation is rate limiting (and the reverse reactions are
slow) the reaction behaves as a first order reaction with re-
spect to substrate (i.e., exponential decrease in fluores-
cence), whereas if enzyme reoxidation is rate limiting the
reaction behaves as a zero order reaction with respect to
substrate (i.e., a linear decrease in fluorescence, as observed
previously (21)). For a representative sample of assays we
attempted fits of the data to both models. Unsurprisingly,
the nonenzyme-catalyzed reaction fitted well to an expo-
nential function with random residuals (Fig. 2A/B), as did
several of the enzyme-catalyzed reactions, most notably
those for ERp57, while several of the enzyme-catalyzed re-
actions fitted well to a linear function with random residuals
(Fig. 2C/D), most notably those for PDIp. The majority of
enzyme-catalyzed reactions could be fitted to a linear func-
tion and by eye looked to be reasonable fits, but a plot of the
residuals showed nonrandom scatter (i.e., the rates of both
stages of the reaction were sufficiently close in magnitude
for neither to be truly rate limiting). Due to this the original
method for examining the kinetics, the calculation of the
half time of the reaction (21) was used for all enzyme-
catalyzed reactions.

FIG. 1. SDS-PAGE analysis of purified proteins. Lane 1,
molecular weight markers (250, 150, 100, 75, 50, 37, 25 kDa);
Lane 2, human PDI; Lane 3, human ERp57; Lane 4, human
PDIp; Lane 5, human ERp7; Lane 6, human P5; Lane 7, human
PDIr. The position of the degradation product of PDIr is
marked with an *.

TABLE 2. HALF-TIME FOR ENZYME-CATALYZED

PEPTIDE-OXIDATION REACTIONS

Protein Half-time

None 1285 s
PDI 257 s
ERp57 118 s
PDIp 285 s
ERp72 164 s
P5 157 s
PDIr 640 s

All reactions in McIlvaine buffer pH 6.5, 2 mM GSH, 0.5
mM GSSG, 3.4 µM substrate, 25°C. Enzyme concentrations
used were [PDI] = 81 nM; [ERp57] = 63 nM; [PDIp] = 162 nM;
[ERp72] = 60 nM; [P5] = 84 nM; [PDIr] = 224 nM.

�

�

�

�
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pH-dependence of the oxidase activity

To further examine potential differences between the ac-
tivities of the human PDI family, the pH dependence of oxi-
dase activity of each family member was examined. All of the
human PDIs, except PDIr, had activity down to pH 4.0, but at
this pH the rate was too low to determine accurately in a cat-
alyzed system (where substrate concentration > 10� enzyme
concentration) with fluorescence detection. Furthermore, the
rate of PDIr peptide thiol-disulfide oxidase activity in this
assay was so low that at pH values below 6.0 it was difficult
to determine the overall rate of peptide oxidation, while at pH
values of 7.0 or above the noncatalyzed rate was so fast that it
was difficult to determine the rate of the catalyzed reaction.
Accordingly no further detailed studies were undertaken in
this assay system with PDIr.

The nonenzyme-catalyzed rate was determined over the pH
range 6.0–7.5. Over this pH range the rate of oxidation in-
creased with increasing pH. Below pH 6.0 concerns over flu-
orescence quenching during prolonged measurements meant
that the noncatalyzed rate of reaction became too slow to de-
termine accurately (extrapolation of the data obtained sug-
gested a half time of the order of 12 h at pH 5.0). Extrapola-
tion of the data to pH 5.5 indicated that maximally (for PDIp)
the noncatalyzed rate was only 6.6% of the catalyzed rate and
that for most reactions it was less than 2% of the overall rate
(i.e., that correction for the nonenzyme-catalyzed rate be-
came nonessential).

The pH dependence of the oxidase activity of human PDI
(Fig. 3A) was very similar to that previously reported for
bovine PDI, with the rate of PDI-catalyzed oxidation increas-

ing with pH and reaching a plateau at higher pH values. The
midpoint for the enzyme-catalyzed rate occurred at pH 5.9,
c.f. a pKapp of 5.6 ± 0.1 for bovine PDI (21). The primary dif-
ference was that on a per molar basis, the human PDI used in
this study had at pH 6.5, 2.5 times the specific activity of
bovine PDI previously reported (21). This difference proba-
bly arises due to the complex purification procedure required
for bovine PDI, which includes heating the liver homogenate
to 50ºC (9).

The peptide–oxidase activity of human PDIp increased
with increasing pH over the pH range 4.5–7.5 (Fig. 3B), for
both the total activity and enzyme-catalyzed activity. Taking
the enzyme-catalyzed activity at pH 7.5 to be the maximal
rate, the pH at which half maximal activity was observed
was 6.6.

The pH dependence of human ERp57 (Fig. 3C), human
ERp72 (Fig. 3D) and human P5 (Fig. 3E) showed a more
complex pH dependence, reminiscent of that of V. cholerae
DsbA (21). In each case the rate of oxidation increased with
increasing pH, over the pH range 4.5–7.5. Since the observed
rate comprises the sum of the enzyme-catalyzed rate and the
noncatalyzed rate, which increases with pH, the enzyme-
catalyzed rate for all three enzymes is bell-shaped, with a
maximum at pH 7.0 and half maximal activity at pH 5.8, 5.8,
and 5.7 for ERp57, ERp72, and P5, respectively.

Each of the PDI family members tested has multiple cat-
alytic domains. To examine the peptide thiol-disulfide oxi-
dase activity of an isolated catalytic domain, the a domain of
PDI was purified and assayed. At all pH values tested, the iso-
lated a domain of PDI showed greater activity than the full-
length enzyme on a per molar active site basis. The pH depen-

FIG. 2. Representative analysis of the nature of the kinetics of peptide thiol-disulfide oxidation. Both reactions were per-
formed at 25°C, 0.5 mM GSSG, 2 mM GSH in McIlvaine buffer. (A) Nonenzyme-catalyzed reaction at pH 7.5, fitted line is to an
exponential function; (B) Residuals for A; (C) PDIp catalyzed reaction at pH 6.5. [PDIp] = 162 nM. Fitted line is over the first
half of the reaction to a linear function; (D) Residuals for C.
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dence profile for oxidase activity was similar to that of the
full-length enzyme, except that the plateau region was
reached earlier and there was a small decrease in activity at
pH 7.5 compared with pH 7 (Fig. 3F). The pH at which half-
maximal activity was observed was slightly lower than for the
other members of the family at 5.4.

A comparison of the relative activity at each pH value of
the peptide thiol-disulfide oxidase activity for human PDI,
PDIp, ERp57, ERp72, P5, and the a domain of PDI per molar
active site is shown in Figure 4.

OXIDASE ACTIVITY OF THE HUMAN PDIs 287

Investigation of the rate limiting step 
for peptide oxidation

It is possible to elucidate some information about the rate
limiting step by varying the enzyme, peptide, and glutathione
concentrations in the fluorescence based peptide–oxidase ac-
tivity assay utilized here, but the inability to resolve each step
individually prohibits a comprehensive analysis.

For human PDI, ERp57, ERp72, and P5, a series of cat-
alyzed reactions were performed at pH 5.5, a pH at which the

FIG. 3. pH-dependence of the peptide thiol-disulfide oxidase activity of the human PDIs, represented by the inverse half-
time for the reaction in seconds. All reactions were performed at 25°C, 0.5 mM GSSG, 2 mM GSH in McIlvaine buffer, in dupli-
cate or triplicate. For each data point the error was less than 10% of the value of the inverse half-time, for clarity error bars are not
shown. Total rates (●), nonenzyme-catalyzed rates (▲), and calculated enzyme-catalyzed component of the rate (❍) are shown.
(A) Human PDI catalyzed reaction, [PDI] = 81 nM; (B) human PDIp catalyzed reaction, [PDIp] = 162 nM; (C) human ERp57 cat-
alyzed reaction, [ERp57] = 63 nM; (D) human ERp72 catalyzed reaction, [ERp72] = 60 nM; (E) human P5 catalyzed reaction,
[P5] = 84 nM; (F) a domain of human PDI catalyzed reaction, [a domain] = 181 nM.
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nonenzyme-catalyzed rate was very slow, but the enzyme-
catalyzed rate could still be determined accurately over a rea-
sonable timescale. The reactions performed included varying
the enzyme concentration, halving the substrate concentra-
tion, doubling the oxidized glutathione concentration and re-
moving the reduced glutathione from the reaction (Table 3).
For human PDIp a similar series of reactions were performed
at pH 6.5 (Table 3), as the enzyme-catalyzed rate was very
slow at pH 5.5. For all conditions tested the rate of reaction
increased proportionally to the enzyme concentration.

Removing the reduced glutathione from the assay condi-
tions resulted in a small increase in activity for PDI, ERp57,
ERp72, PDIp, and P5 of between 9% and 30%. Since no dif-
ference in the rate of reaction for the nonenzyme-catalyzed
reaction at pH 7.5 was observed in the presence or absence of
reduced glutathione (data not shown) this increase in rate
does not represent a reduction of the oxidized peptide by re-
duced glutathione, but either reduction of the oxidized enzyme
or isomerization of the enzyme-peptide mixed disulfide inter-
mediate (to form an enzyme-glutathione or glutathione-pep-
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tide mixed disulfide) or of the enzyme-glutathione mixed
disulfide intermediate (to form reduced enzyme and oxidized
glutathione).

Increasing the oxidized glutathione concentration in the
assay resulted in an increase in activity of between 37% and
57%. If reoxidation of the enzyme had been the rate limiting
step, then doubling the concentration of oxidized glutathione
would have been expected to double the rate of the reaction,
whereas if peptide oxidation had been rate limiting then it
would have been expected to have had no effect on the rate of
the reaction. This intermediate value suggests that the overall
rate of oxidation is governed by both peptide oxidation and
enzyme reoxidation (i.e., that the rates are of the same order
of magnitude and that neither can be said to be rate limiting).
This hypothesis is further supported by the results from halv-
ing the substrate concentration, where a decrease in rate of
between 23% and 39% was observed. PDIp showed the great-
est dependence on oxidized glutathione concentration and the
least dependence on substrate concentration, but it should be
noted that this was done at pH 6.5, whereas the rest were done
at pH 5.5 and each step in the peptide thiol-disulfide oxida-
tion reaction may exhibit a different pH dependence. Previous
studies on the substrate and oxidized glutathione dependence
of the reaction catalysed by bovine PDI, which showed reoxi-
dation of the enzyme to be rate limiting but only 40% of the
activity of recombinant human PDI, were also performed at
pH 6.5 (21).

DISCUSSION

In vitro and in vivo in the ER the process of native disul-
fide bond formation is catalyzed by the PDI-family of en-
zymes, of which 17 have been reported to date in humans (8).
With multiple members of the PDI family being present in
mammalian tissues, even within the same cell, the question
arises as to why should there be so many members of the
same family, all with the same putative function and all lo-
cated in the ER? It is possible that there may be differences in
tissue distribution, substrate specificity, induction specificity,
reaction specificity, and differential regulation of activity.
The resolution of these issues is perhaps best characterized
by a comparison between PDI and PDIp, a pancreas specific

FIG. 4. pH-dependence of the relative activities of the
human PDIs per molar active site. PDI (▲), PDIp (X), ERp57
(❍), ERp72 (❏), P5 (�), and the a domain of PDI (�).

TABLE 3. ENZYME-CATALYZED PEPTIDE-OXIDATION REACTIONS UNDER NONSTANDARD CONDITIONS

Enzyme 1 2 3 4

PDI 394 ± 7 295 ± 1 (67%) 268 ± 3 (147%) 344 ± 5 (115%)
ERp57 403 ± 13 319 ± 14 (63%) 274 ± 9 (147%) 310 ± 6 (130%)
ERp72 472 ± 1 355 ± 8 (67%) 345 ± 5 (137%) 388 ± 11 (122%)
P5 439 ± 3 361 ± 7 (61%) 321 ± 6 (137%) 357 ± 4 (123%)
PDIp 285 ± 3 202 ± 3 (77%*) 177 ± 4 (150%*) 266 ± 6 (109%*)

*Corrected for nonenzyme-catalyzed rate, note noncatalyzed rate under condition 3 is twice that under “standard conditions.”
Half time for enzyme-catalyzed peptide-oxidation reactions and a comparison of the rate compared with “standard conditions”

in parentheses, correcting for the half substrate concentration in reaction condition 2. All reactions at pH 5.5, except for PDIp at
pH 6.5. Conditions: 1) “standard”, McIlvaine buffer, 2 mM GSH, 0.5 mM GSSG, 3.4 µM substrate; 2) as 1 except 1.7 µM sub-
strate; 3) as 1 except 1 mM GSSG; 4) as 1 except no GSH. Enzyme concentrations used were, [PDI] = 162 nM; [ERp57] = 63 nM;
[ERp72] = 60 nM; [P5] = 84 nM; [PDIp] = 162 nM.
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homologue. It has been demonstrated that the two proteins
show differences in tissue distribution, a putative difference
in regulation and most importantly differences in substrate
binding (14, 20). Thus although there is now evidence that
several of possible reasons for multiple family members may
be occurring, the molecular characterization required to fully
define the functional differentiation is far from complete.

While very detailed studies have been performed on the en-
zymatic activity of human PDI (and from other sources) and
on the contribution of individual domains in this process (6,
7, 24 as examples), studies on the other family members are
more patchy. Human ERp57 (3, 11, 25), rat ERp72 (16, 17,
22, 23), and rat P5 (16, 17, 22) have been shown to possess
thiol disulfide oxidoreductase activity, but no systematic
studies comparing relative activities have been published.

In this paper we initiate enzymatic studies on recombi-
nantly generated human PDI, PDIp, ERp57, P5, ERp72, and
PDIr. The use of enzymes from a single source will, we be-
lieve, allow for a detailed comparison of the activities of
these enzymes at the molecular level and allow for studies
into potential synergistic actions using enzymes which will
naturally be co-localized.

With the exception of PDIr, which shows susceptibility to
proteases at the flexible linkers between domains, all of the
enzymes could be purified to homogeneity and all showed
peptide thiol-disulfide oxidase activity. This represents the
least-complex activity possessed by PDI with respect to catal-
ysis of the formation of native disulfide bonds. The absolute
activity per mole active site and the pH dependence of this ac-
tivity was remarkably similar for all five enzymes. Further-
more, when alterations were made to the assay conditions, all
five showed very similar shifts in activity, that in each case
suggests that both peptide oxidation and enzyme reoxidation
have near equivalent rates. Taken together these results indi-
cate that, excluding PDIr, the human PDIs have remarkably
similar thiol-disulfide chemistries.

The one enzyme which did not show significant peptide
thiol-disulfide oxidase activity was PDIr. The structure of
PDIr is unique among the PDIs (8) consisting of three do-
mains containing a thioredoxin-like active site and one not,
each apparently linked by a short flexible stretch of amino
acids. Two of the three –CXXC- active site motifs of PDIr dif-
fer from the usual consensus motif (CGHC) found in other
human PDIs. While the sequence identity between the cat-
alytic domains of PDIr and the a domain of PDI is generally
lower than that of other family members (Table 4), it is not
significantly different than, for example, the a’ domain of
PDI. PDIr has also been reported to have significantly lower
isomerization activity than PDI (13) and it has been specu-
lated that the inability of the enzyme to efficiently catalyze
thiol-disulfide exchange reactions arises from the lack of a
conserved glutamic acid beneath the active site (8).

It had previously been reported that the catalytic a and a’
domains of PDI possess thiol-disulfide oxidoreductase activ-
ity in isolation, but that simple isomerization of a protein sub-
strate requires a linear combination of domains which in-
cludes b’, while isomerizations which would require a
substantive conformational change in the substrate protein as
well as thiol-disulfide chemistry requires all four domains of
PDI (7). Furthermore, the b’ domain is implicated in sub-

strate binding (15, 19) and not in thiol-disulfide exchange re-
actions (7). Consistent with these results the isolated a do-
main of PDI examined here showed peptide thiol-disulfide
oxidase activity, indeed on a per molar active site basis it was
significantly more active than the wild type enzyme. The 1.9-
to 2.9-fold difference between the activity per molar active
site of the isolated a domain and full length PDI probably
does not arise due to the a and a’ domains in full length PDI
having significantly different activities, as both domains had
previously been shown to be active in thiol-disulfide ex-
change (5, 7). Instead the most likely explanation is in-
creased steric hindrance in accessing the active site in the
full length protein. To further eliminate a role for the b’ do-
main in this assay, a ten-fold molar excess of the PDI sub-
strate binding inhibitor 2-propylphenol (14) was added to the
peptide oxidase assay. For both PDI and the isolated a do-
main no differences in activity were seen in the presence or
absence of 2-propylphenol (data not shown).

From these results it is apparent that the peptide oxidase
assay utilized here requires only thiol-disulfide chemistry and
that all of the human PDI family members except PDIr possess
near equivalent activities per molar active site with respect to
this, in terms of both turnover, pH-dependence, and the nature
of the rate limiting step. Hence, excluding PDIr, differences
between these six PDI family members do not lie in differ-
ences in simple thiol-disulfide chemistry. Therefore the differ-
ences must lie in interactions with potential substrates (which
includes specificities and the ability to catalyze complex-
isomerizations) or with other ER resident partner proteins.

The data presented here is consistent with a model whereby
PDIp and ERp57 are isoforms of PDI with altered substrate
specificity in the b’ domain, allowing PDIp to act on a subset
of folding proteins via its highly specific substrate binding
specificity (14, 20) and ERp57 to act in folding glycosylated
proteins via its specific interactions with the lectins calnexin

TABLE 4. SEQUENCE IDENTITY OF THE CATALYTIC DOMAINS

Domain Sequence identity

PDI a’ 36.8% (106)
PDIp a 55.0% (109)
PDIp a’ 34.3% (105)
ERp57 a 49.5% (109)
ERp57 a’ 43.0% (107)
ERp72 domain 1 45.3% (106)
ERp72 domain 2 52.8% (108)
ERp72 domain 5 37.0% (108)
P5 domain 1 44.7% (103)
P5 domain 2 47.1% (104)
PDIr domain 2 33.3% (108)
PDIr domain 3 37.9% (103)
PDIr domain 4 35.8% (107)

Sequence identity of the domains of the human PDI family
homologous to PDI a and a’ domains, with the a domain of
human PDI. The number in parentheses represents the number
of amino acids identity was determined over. Sequence identity
and similarity is ubiquitously lower over the C-terminal sec-
tion, especially those regions corresponding to the last �-
strand and �-helix of the a domain of human PDI.
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and calreticulin (18, 25). ERp72 appears to be PDI with an
additional catalytic domain, which theoretically should allow
it to perform more complex thiol-disulfide isomerizations
and hence be involved in the folding of proteins which con-
tain large numbers or complex patterns of disulfides. P5 pos-
sesses two a-like domains, but elucidation of its physiological
function is still required; specifically this will require an un-
derstanding of the role of the C-terminal half of the protein,
which shows little homology with other PDI family members
and which is of yet of unknown function. PDIr, from the data
presented here does not appear to be involved in the efficient
catalysis of thiol-disulfide oxidation reactions. This result
combined with the unusual domain architecture, with three
sequential thioredoxin-like domains with putative flexible
linkers between each domain, might suggest PDIr plays a
critical role in the late complex-isomerization steps that are
essential for the generation of native disulfide bonds in
nascent polypeptide chains in the endoplasmic reticulum, but
this remains to be elucidated.
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