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ABSTRACT

The protein disulfide isomerase (PDI) family of folding catalysts are constructed from combinations of redox-
active and redox-inactive domains, all of which are probably based on the thioredoxin fold. To understand the
function of each domain in the variety of catalytic reactions that each family member can perform (to differ-
ing extents), the domain boundaries of each family member must be known. By using a technique based on
sequence alignments and the known structure of the a and b domains of human PDI, we generated a large
number of domain constructs for all six redox-active human PDIs: PDI, PDIp, ERp72, ERp57, P5, and PDIr.
The ability to generate significant amounts of soluble protein in E. coli from most of these domain constructs
strongly indicates that the domain boundaries are correct. The implications for these domain boundaries on

the tertiary structure of the human PDIs are discussed. Antioxid. Redox Signal. 5, 367-374.

INTRODUCTION

PROTEIN FOLDING IN THE ENDOPLASMIC RETICULUM (ER) is
often associated with the formation of native disulfide
bonds, which stabilize the tertiary and/or quaternary structure
of the protein. The formation of native disulfide bonds is a
complex process and is the rate-limiting step in the biogene-
sis of many secreted proteins (for reviews, see 9, 10). It is not
suprising therefore that eukaryotic organisms have developed
an extensive machinery designed to facilitate this process that
possesses the flexibility required to aid the folding of a wide
range of protein substrates.

The archetypal protein involved in disulfide bond formation
is protein disulfide isomerase (PDI) (for reviews, see 8, 12).
PDI was the first catalyst of protein folding to be identified,
40 years ago (13), but many questions remain unanswered
about its mechanism of action. The problem is difficult be-
cause of the wide range and complexity of the physiological
substrates and the absence of a complete three-dimensional

structure for any PDI. PDI comprises four structural domains,
a, b, b’, and a’ plus a C-terminal acidic extension. The e do-
main, which was postulated to exist based on homology with
an estrogen receptor (10), is not a separate domain, but is in-
stead part of the a and b domains. The homologous a and
a’ domains of PDI, which contain the redox-active motif
-WCGHC-, show significant sequence identity to thioredoxin,
a small protein involved in many cytoplasmic redox functions
(18, 19). To date, the structures of the a and b domains of PDI
have been solved (21-23) and reveal the characteristic thiore-
doxin fold that is seen in all single-domain members of the
thioredoxin superfamily (see 27).

Although multiple gene products play a role in disulfide
bond formation in vivo (for example, in yeast the gene prod-
ucts of PDII, ERO1, EUGI, MPDI, MPD?2, and EPSI have
all been implicated in the pathway for native disulfide bond
formation; (for review, see 9), it is clear that not all of these
are members of the PDI family. To date, there are six reported
members of the PDI family in higher eukaryotes, which in-
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clude a redox-active domain, PDI, PDIp (6), ERp72 (28),
ERp57 (1), P5 (26), and PDIr (16). All six are multidomain
proteins, being comprised of redox-active (a-like) and redox-
inactive (b-like) domains.

From studies on domain fragments of human PDI (4, 24), it
appears that the domains act synergistically, with the a and a’
domains providing the ability to catalyze redox reactions and
the b’ domain providing the principle protein/peptide binding
site. No clear function has yet been assigned to the b domain,
but only when all four domains are present and in the correct
order is significant catalysis of complex isomerization ob-
served (i.e., isomerization of disulfide bonds in a protein that
must be accompanied by a significant conformational change
in the substrate; 4). Many studies have been undertaken in
order to understand the contributions of different parts of the
PDIs to their overall catalytic abilities and in order to under-
stand the differences observed between different PDI family
members. These have included the generation of domain
constructs (for example, see 4), chimeric proteins based on
intraprotein domain shuffling (for example, see 33), and
chimeric proteins based on interprotein domain shuffling (for
example, see 30). In order to assess fully the results of any
such studies, the domain boundaries of all of the members
of the PDI family must be known. In an excellent review arti-
cle by Ferrari and So6ling (8), domain boundaries for all the
human PDIs were suggested, but no information was given on
how these were determined nor was any experimental evi-
dence provided to confirm them.

To address the question of the domain boundaries of the
human PDI family, a comparison was made between multi-
ple sequence alignments of PDI family member domains
and combined with the structural information available from
NMR studies on the a and b domains of human PDI. Based
on this information domain constructs were generated and
tested for significant levels of soluble expression in E. coli.
The results allow for the confirmation of the domain bound-
aries of the human PDI family.

MATERIALS AND METHODS

Gene inserts for expression vectors for mature human P5
(Leu20-Leu440), mature human PDIr (Ser22-Leu519), and
mature human ERp72 (Val20-Leu645) were generated by
PCR from a human liver cDNA library (Clontech), using
primers that included an in-frame Ndel site 5’ to the first
codon of the gene and either a BamHI site (ERp72) or a Sall
site (PDIr, P5) after a TAA stop codon at the 3’-end. The
inserts were cloned into pLWRP51, a modified version of
pET23b (Novagen), which encodes for an N-terminal his-tag
in frame with the cloned gene. The resulting gene products
included the sequence MHHHHHHM- prior to the first
amino acid of the mature sequence. Gene inserts for mature
human PDI (Asp18-Leu508), for the a domain of human
PDI (Asp18-Alal37), and for mature human ERp57 (Ser25-
Leu505, with a silent mutation to remove the internal Ndel
site) were subcloned as Ndel/BamHI fragments from existing
vectors (3, 34) into pLWRP51. A gene insert for the bb’a’c
domain construct of human PDI was generated previously
(4) and subcloned as an Ndel/BamHI fragment into pET23b
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(Novagen). A gene insert for mature human PDIp (GIn22-
Leu507) was subcloned by PCR from an existing vector (31)
into pLWRP51. Silent mutations were made in amino acids
R27, P29, R148, R149, and R150 to increase the final yield
of expressed protein. Domain constructs for PDI domain
N1-2, N1-3, and N1-4 were generated by introducing a stop
codon into the plasmid encoding full-length PDI using the
QuikChange mutagenesis kit (Stratagene). The remaining do-
main constructs for the PDI family members were generated
by PCR using plasmids containing gene inserts encoding for
mature proteins as templates and primers that included an in-
frame Ndel site 5' to the first codon of the gene and either a
BamHI site (PDI, ERp57, ERp72) or a Sall site (PDIr, P5)
after a TAA stop codon at the 3’-end. The inserts were cloned
into pLWRP51. All plasmids generated were sequenced to en-
sure there were no errors in the cloned genes (see Table 2 for
plasmid names, intermediate plasmids are not included).

RESULTS

Alignments of the amino acid sequences of the
redox-active domains of the PDI family

Multiple alignments were done of the 14 catalytic do-
mains of the human PDI family [PDI (NP_000909), [PDIp
XP_007939), ERP57 (NP_005304), ERP72 (NP_004902), P5
(NP_005733), and PDIr (NP_006801)] using CLUSTAL W
(17), T-COFFEE (29), Match-Box (5), and Multialin (2). The
results from all four multiple alignments were different, and
they were combined into a single alignment based on con-
sensus alignments and using the known structure of the a
domain of PDI to move gaps into loop regions and to align
corresponding helix and strand regions without misaligning
regions of good sequence similarity. The final alignment is
shown in Fig. 1. All gaps/insertions are located in loop re-
gions of the structure, with the exception of the gap in the
second catalytic domains of PDI and PDIp at a position anal-
ogous to A91 of PDI, whichis locatedin o 3.

Definition of the domain boundaries of the
redox-active domains

Although the alignments of the redox-active domains can
be used by themselves to define the domain boundaries, a
more accurate method of making the definition is to combine
it with known structural information. The nuclear magnetic
resonance (NMR) structure of the a domain of human PDI
has been solved (21). As this domain is representative of all
of the redox-active domains, the structural boundaries from
the NMR structure can be used in combination with the align-
ments to define the domain boundaries of the other domains.

The domain construct used for the NMR studies of the a
domain was human PDI D18-A136 (21), structurally, how-
ever the first amino acid of 1 of the thioredoxin fold is V26
and the last amino acid of o 4 is T133. Hence, V26-T133 de-
fines structurally the a domain of PDI. The N-termini of the
other redox-active domains can be readily determined from
the alignment (see Table 1). The C-termini are less easy to de-
fine as the similarity between domains is very low in the
structure terminating o 4 region. There are two possible ways



TABLE 1. DOMAIN BOUNDARIES OF THE HUMAN PDIS FROM THE 369
FERRARI AND SOHLING REVIEW (8) AND FROM THIS STUDY*

Protein Ferrari and Sohling This study
PDI Domain 1 (a) 23-130 (H) V26-T133 (G)
Domain 2 (b) 135-230 (A) A137-N232(Q)
Domain 3 (b") 235-344 (N) Q233-P368 (V)
Domain 4 (a") 368471 (P) V369-5472 (G)
ERp57 Domain 1 (a) 25-129 (D) V27-A132 (G)
Domain 2 (b) 134-237 (A) S136-F241(G)
Domain 3 (b") 241-354 (F) G242-P377 (V)
Domain 4 (a") 377481 (P) V378-N486 (P)
PDIp Domain 1 (a) ND* (G) 144-V151(G)
Domain 2 (b) ND (S) A155-H254 (S)
Domain 3 (b") ND (H) S255-P389 (V)
Domain 4 (a") ND (P) V390-N493 (G)
ERp72 Domain 1 (a°) 61-166 (G) V64-Q169 (P)
Domain 2 (a) 175-280 (V) T179-S283 (G)
Domain 3 (b) 286-390 (P) S287-L394 (P)
Domain 4 (b") 395-503 (L) P395-P525 (V)
Domain 4 (a") 526632 (P) V527-L638 (S)
P5 Domain 1 (a°) 24-128 (D) V27-L139 (G)
Domain 2 (a) 159-266 (D) V162-A273 (P)
Other 275-386 See text
PDIr Other 28-136 S25-G140
Domain 2 (a°) 150257 (V) V154-N258 (P)
Domain 3 (a) 275-380 (S) V278-N381 (P)
Domain 4 (a") 396-502 (V) L400-E507 (G)

*The flanking amino acids of each Domain are indicated for the bound-
aries from this study. The b’ domains listed from this study include inter-
domain regions.

"ND, not determined.

B1 ol B2 o2 B3
-_p———— > - | ] -
PDId1l 25 HVLVLRKSNFAEALAA - - -HKYLLVEFYAPWCGHCKALAPEYAKAAGKLKAE- GSEIRLAKV
PDId2 368 PVKVLVGKNFEDVAFD - - EKKNVFVEFYAPWCGHCKQLAPIWDKLGETYKDH- EN- IVIAKM
PDIpdl 43 GILVLSRHTLGLALRE- - -HPALLVEFYAPWCGHCQALAPEYSKAAAVLAAE- SMVVTLAKV
PDIpd2 389 PVKTLVGKNFEQVAFD- - ETKNVFVKFYAPWCTHCKEMAPAWEALAEKYQDH- ED-ITITAEL
ERp57d1 26 DVLELTDDNFESRISDTGSAGLMLVEFYAPWCGHCKRLAPEYEAAATRLKGI- - - -VPLAKV

ERp57d2 377 PVKVVVAENFDEIVNN - - ENKDVLIEFYAPWCGHCKNLEPKYKELGEKLSKD- PN-IVIAKM
ERp72d1l 63 GVLVLNDANFDNFVAD - - -KDTVLLEFYAPWCGHCKQFAPEYEKIANILKDK- DPPIPVAKI
ERp72d2 178 EVTLVLTKENFDEVVN- -DADIILVEFYAPWCGHCKKLAPEYEKAAKELSKR-SPPIPLAKV
ERp72d3 526 PVKVVVGKTFDSIVMD - - PKKDVLIEFYAPWCGHCKQLEPVYNSLAKKYKGQ-KG-LVIAKM

P5d1 26 DVIELTPSNFNREVIQ- - SDSLWLVEFYAPWCGHCQRLTPEWKKAATALKDV- - - -VKVGAV
P5d2 161 DVIELTDDSFDKNVLD - - SEDVWMVEFYAPWCGHCKNLEPEWAAAASEVKEQTKGKVKLAAV
PDIrdl 153 VVHLDSEKDFRRLLKK- - EEKPLLIMFYAPWCSMCKRMMPHFQKAATQLRGH - - AVLAGMNV
PDIrd2 277 SVYHLTDEDFDQFVKE- - -HSSVLVMFHAPWCGHCKKMKPEFEKAAEALHGEADSSGVLAAV
PDIrd3 399 VLHLVGD-NFRETLKK - - -KKHTLVMFYAPWCPHCKKVIPHFTATADAFKDDRKIACAAVDC
o3 Ba B5 o4
> ) - |
PDI dil DATEESDLAQQYGVRGYPTIKFFRNGDTASPKEYTAG- READDIVNWLKKRTG 134
PDI d2 DSTAN- EV- EAVKVHGFPTLGFFPASADRTVIDYNGE - RTLDGFKKFLESGGQ 475
PDIp dil DGPAQRELAEEFGVTEYPTLKFFRNGNRTHPEEYTGP - RDAEGIAEWLRRRVG 152
PDIp d2 DATAN- EL-DAFAVHGFPTLKYFPAGPGRKVIEYKST - RDLETFSKFLDNGGV 496
ERp57 d1 DCTANTNTCNKYGVSGYPTLKIFRDGEE - -AGAYDGP-RTADGIVSHLKKQAG 133
ERp57 d2 DATAN-DVPSPYEVRGFPTIYFSPANKKLNPKKYEGG-RELSDFISYLQREATNP 487
ERp72 d1 DATSASVLASRFDVSGYPTIKILKKGQA---VDYEGS-RTQEEIVAKVREVSQP 170
ERp72 d2 DATAETDLAKRFDVSGYPTLKIFRKGRP---YDYNGP-REKYGIVDYMIEQSG 284
ERp72 d3 DATANDVPSDRYKVEGFPTIYFAPSGDKKNPVKFEGGDRDLEHLSKFIEEHATKLS 639
P5 dil DADKHHSLGGQYGVQGFPTIKIFGSNKN - RPEDYQGG - RTGEATIVDAALSALRQLVKDRLG 140
P5 d2 DATVNQVLASRYGIRGFPTIKIFQKGES - -PVDYDGG-RTRSDIVSRALDLFSDNAP 274
PDIr dl YSSEFENIKEEYSVRGFPTICYFEKGRF - - LFQYDNYGSTAEDIVEWLKNPQP 261
PDIr d2 DATVNKALAERFHISEFPTLKYFKNGEK - - - YAVPVL - RTKKKFLEWMQNPEA 384
PDIr d3 VKDKNQDLCQQEAVKGYPTFHYYHYGKF - - AEKYDSD - RTELGFTNYIRALRE 508

FIG.1. Combined multiple alignments of the catalytic domains of the human PDI family. Mutiple alignments generated by
CLUSTAL W (17), T-COFFEE (29), Match-Box (5), and Multialin (2) were combined based on consensus alignments and using
the known structure of the a domain. The secondary structural elements of the a domain of PDI are also indicated. Numbering is
for the full-length protein.
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to define the C-termini, by simple alignment (counting amino
acids from the last similar/identical amino acid if necessary)
or by looking for helix-breaking residues (especially Gly, Pro,
and Ser) in this region. As the alignments of the a and a’
domains of human PDI, combined with the position of the
structure-breaking sequence Gly473 Gly474 in the a’ do-
main, indicate that different redox-active domains may have a
variable-length o 4 the latter option was used. This gives the
domain boundaries for the redox-active domains listed in
Table 1. It should be noted that this method suggests that o 4
for both redox-active domains of P5 are slightly longer than
for other family members and that the C-terminus of the last
redox-active domain of ERp72 is more problematic to define.

Alignments of the non—redox-active domains of the
PDI family

Multiple alignments were done of the four b domains of
the human PDI family (PDI, PDIp, ERp57, and ERp72) using
CLUSTAL W (17), T-COFFEE (29), Match-Box (5), and
Multialin (2). The results from all four multiple alignments
were different, and they were combined into a single align-
ment based on consensus alignments and using the known
structure of the b domain of PDI to move gaps into loop re-
gions and to align corresponding helix and strand regions
without misaligning regions of good sequence similarity. All
gaps/insertions are located in loop regions of the structure.
The final alignment is shown in Fig. 2. When the first domain
of PDIr and/or the putative b-like domain from P5 (8) were
included in these multiple alignments, no significant similar-
ity/identity could be observed (data not shown).

Definition of the domain boundaries of the
redox-inactive domains

The NMR structure of the b domain of human PDI has
been solved (22), and as this domain shows good sequence
similarity/identity with the domains from ERp72, ERp57,
and PDIp, this can be used to define the domain boundaries
in these proteins. The domain construct used for the NMR
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studies of the b domain was human PDI A136-A245 (22);
structurally, B1 of the thioredoxin fold starts with A137 and o
4 ends with N232. Hence, A137-N232 defines structurally
the b domain of PDI. The N- and C-termini of the other b do-
mains can be determined from this alignment (see Table 1).

Although the b’ domain of human PDI has sequence simi-
larity to the b domain to an extent where it is commonly be-
lieved to have the same fold (8, 12), the similarity/identity is
low and insufficient to define accurately the domain bound-
aries. However, as this domain lies between the b and a’ do-
mains, the boundaries of the b’ domain plus interdomain link-
ers can be deduced for PDI, PDIp, ERp57, and ERp72. These
(see Table 1) were used to generate b’ domain constructs.

Human PDIr and P5 clearly have at least one domain in ad-
dition to their redox-active domains. That for PDIr lies at the
N-terminus of the protein. Although no significant sequence
similarity can be found by multiple alignments with either the
b or b’ domains of the other human PDI family members, do-
main boundaries can be identified based on the N-terminus of
the mature protein and on the existence of conserved interdo-
main linker region in this protein (see Discussion). Using
these, the domain boundaries for PDIr domain 1 are S22-
G140. P5 has at least one non-redox-active domain at the C-
terminus of the protein, part of which has been reported to
show similarity to the b domain of PDI (8). We find no signif-
icant sequence similarity to either the b or b’ domains of the
other human PDI family members, and a purified C-terminal
fragment of human P5 shows a significantly different far-UV
circular dichroism spectrum from other purified domains
(Alanen and Ruddock, unpublished observations), suggesting
it might not share the thioredoxin fold.

Generation and expression of domain constructs

The definition of any domain boundaries by alignment is
prone to potential error, and, in addition, the positioning of an
N-terminal amino function or C-terminal carboxyl function
within the domain construct may cause folding and/or struc-
tural problems. Accordingly, many of the domain constructs
were generated to include flanking amino acids, which would

B1 ol B2 o2 B3
PDI 134 G-PAATTLPDGAAAESLVESSEVAVI GFFKDVESDSAKQFLQAAEAT-DD IPFGITSN
PDIp 152 G-PSAMRLEDEAAAQALIGGRDLVVIGFFQDLQDEDVATFLALAQDA - LDMTFGLTDR
ERp57 133 G-PASVPLRTEEEFKKFISDKDAS IVGFFDDSFSEAHSEFLKAASNLRD NYRFAHTNV
ERp72 284 GPPSKEILTLKQVQEFLKDGDDVI IIGVFKGESDPAYQQYQDAANNLREDYKFHHTFS
o3 Ba Bs o4l
[—> ) ) [ ——-
PDI SDVFSKYQLDKDGVVLFK - - - - - - KFDEGRNNFE - - GEVTKENLLDF IKHNQLP 235
PDIp PRLFQQFGLTKDTVVLFK - - - - - - KFDEGRADF P- - VDEELGLDLGDLSRFLVTHS 256
ERp57 ESLVNEYDDNGEGIILFRPSHLTNKF EDKTVAYT- EQKMTSGKIKKFIQENIFG 242
ERp72 TEIAKFLKVSQGQLVVMQPEKFQS KYEPRSHMMDVQGSTQDSAIKDFV LKYALP 395

FIG.2. Combined multiple alignments of the b domains of the human PDI family. Mutiple alignments generated by CLUSTAL
W (17), T-COFFEE (29), Match-Box (5), and Multialin (2) were combined based on consensus alignments and using the known struc-
ture of the b domain. The secondary structural elements of the b domain of PDI are also indicated. Numbering is for the full-length

protein.



DOMAIN BOUNDARIES OF THE HUMAN PDIs

TABLE 2. PLASMIDS USED IN THIS STUDY THAT GENERATE SIGNIFICANT LEVELS OF SOLUBLE PROTEIN*

Protein produced' Plasmid name
PDI Mature (D18-L508) pLWRP64
Domain N1 (D18-A136) pLWRP69
Domain 2+ (A136-A245) pOLR48
Domain 3 (K230-P368) pLWRP64
Domain +4+ (D365-G479) pLWRP69
Domain +4C (D365-L508) pLWRP68
Domain N1-2 (D18-1L234) pKEHS68
Domain N1-3 (D18-P368) pKEHS135
Domain N1-4 (D18-G474) pKEHS137
Domain N1-4+ (D18-G479) pKEHS136
Domain 1-4C (D24-L508) pKEHS44
Domain 2-4C (A136-L508) pLWRP16
Domain 3—4C (L234-L508) pLWRP32
ERp57 Mature (S25-L505) pKEHS69
Domain 1 (S25-P134) pLWRP70A
Domain 3 (G242-V378) pLWRP73A
Domain 1-3 (S25-V378) pLWRP76
Domain 1-4+ (S25-1490) pOLR42
Domain 2-4C (S136-L505) pOLRS57
Domain 3-4C (G242-L505) pOLRS58
Domain 2-3 (S136-V378) pLWRP78
PDIp Mature (Q22-L525) pAP32
Domain +1 (E32-G152) pMPP1
Domain 2 (P153-R257) pMPP2
Domain 4+ (P389-P498) pMPP3
Domain N1-2 (Q22-R257) pKEHS70
Domain N1-3 (Q22-P389) pKEHS89
Domain +3-4C (V252-L525) pLWRPS5
ERp72 Mature (V20-L645) pHIA64
Domain N1 (V20-P170) pHIAS54
Domain 1 (N62-P170) pHIA7
Domain 2 (V178-P285) pHIAS0
Domain 3 (P286-L394) PHIAS1
Domain 5 (V527-L638) pHIAS2
Domain 5C (V527-L645) pHIAS3
Domain 4-5C (P395-L645) pHIA47
Domain 1-5C (N62-L645) pHIA72
Domain 2-3 (V178-L394) pHIAS2
P5 Mature (L20-L440) pHIA34
Domain N1 (L20-G140) pHIA87
Domain N1+ (L20-K160) pHIASS
Domain 2 (K160-P274) pHIAS89
Domain 3 (P274-L440) pHIA91
PDIr Mature (S22-L519) pHIA44
Domain 1 (S22-G140) pHMSI1
Domain 1+ (S22-K151) pHMS2
Domain 2 (D152-P261) pOLR138
Domain 2+ (D152-G276) pOLR139
Domain 3 (S277-P382) pOLR140
Domain 3+ (S277-T397) pOLR141
Domain 4C (S398-L519) pOLR143

*Visualization by Coomassie staining of SDS-PAGE gels of total and soluble fractions after expres-
sion in the cytoplasm of E. coli. All proteins are N-terminally hexa-his tagged (except pPLWRP16) with
the numbering being for the natural full-length protein. Domains are listed in the order that they appear
in the protein. Plasmids pLWRPS5 and pLWRP6 have previously been reported (25), but the numbering
for human PDIp has changed on publication of the full-length sequence (XP_007939).

The prefix N indicates that this includes the N-terminal extension of the mature protein, and the
prefix + that the constructs N-terminal extends more than three amino acids than that defined for the
boundaries. The suffix C indicates that this version of the final domain includes the C-terminal exten-
sion of the mature protein; and the suffix + that the construct’s C-terminus goes more than three
amino acids than that defined for the boundaries.
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be predicted to be within interdomain loops. After con-
struction and verification by sequencing, each domain con-
struct was expressed in the cytoplasm of E. coli [usually BL21
(DE3) containing the pLysS plasmid] by isopropyl 3-p-1-thio-
galactoside induction. After induction, the cells were pelleted
and lysed, and total and soluble fractions from the lysates were
run on sodium dodecyl sulfate—polyacrylamide gel electro-
phoresis (SDS-PAGE) gels to test for soluble expression. The
results are shown in Table 2. All of the individual domains of
all six redox-active human PDIs were tested (except for the a’
domain of ERp57); only three individual domains could not be
expressed solubly in the cytoplasm of E. coli; these were the b
domain of ERp57 (S136-F241) and the b’ domains of ERp72
(P395-P526) and PDIp (M256-P389).

DISCUSSION

The definition of domain boundaries for multidomain
proteins is often done by partial proteolysis of the mature
protein (see 11 as example of human PDI). However, this
technique is dependent on the location of suitable cleavage
sites at the domain boundaries, the accessibility of these to
the protease, and the requirement for the domain fragment
generated to be relatively resistant to proteolysis. Alterna-
tively, domain boundaries may be defined theoretically based
on alignments between family members sharing homologous
domains. This approach was adopted here and combined with
information obtained on the structural limits of the a and b
domains of human PDI as determined by NMR. Fortunately,
these two are good representatives of the redox-active and
redox-inactive domain modules from which the human PDI
family is constructed.

By using these domain boundaries (see Table 1 for sum-
mary), a series of constructs were made and tested for expres-
sion in E. coli. As a domain is best defined as an independent
structural unit that is able to fold in isolation from the rest
of the protein and as only proteins that fold are made solubly
in significant quantities when expressed in the cytoplasm
of E. coli, any construct for which expression was observed
must comprise a domain (plus possible N- and C-terminal
extensions). Although some of the constructs were generated
guided by previously reported domain constructs and show
considerable overlap between adjacent domains (most no-
tably some of the PDI constructs), many show no overlap be-
tween adjacent domains and hence must just define the do-
main plus possible short interdomain linkers.

The vast majority of the constructs generated show soluble
expression in E. coli after induction that can easily be visual-
ized by Coomassie staining of a soluble cell extract run on an
SDS-PAGE gel. Hence, it is probable that the domain bound-
aries defined here are correct. Only three individual domains
(of the 23 tested) cannot be expressed solubly in the cytoplasm
of E. coli, these are the b domain of ERp57 and the b’ do-
mains of ERp72 and PDIp. Although it is possible that this
represents inaccuracies in the definition of the domain bound-
aries, it should be noted that six different PDIp b’ constructs
have been generated, all of which are expressed insolubly
(Salo and Ruddock, unpublished observations), and multido-
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main constructs including these domains, e.g., ERp72 b’a’c
and PDIp b’a’c, can be expressed solubly (see Table 1) and do
not show significant degradation (Alanen and Ruddock, un-
published observations), which would be expected if the b’
domain were not correctly folded. Instead this inability to gen-
erate soluble protein probably represents something related to
structure/function of these domains in the protein (see below).

Although the structure of two representative domains of
human PDI have been solved and others are in the process of
being solved by NMR (e.g., 7, 32), we currently have very little
information on the organization of domains within the tertiary
structure of any of the family members [we know that the active
sites of PDI can get within 16 A of each other (15)]. What is
clear from the domain boundaries defined here is that between
many of the domains there is only a very short linker region,
i.e., that the C-terminus of one domain and the N-terminus of
another domain are probably linked by a small turn. This im-
plies that there will be very little interdomain flexibility. The
exceptions to this are between the b’ and a’ domains of PDI,
ERp72, ERp57, and PDIp, between the first and second cat-
alytic domains of ERp72 and P5, and between all of the do-
mains of PDIr.

Freedman et al. (11) first postulated an interdomain linker
between the b’ and a’ domains based on limited proteolysis
of bovine PDI, an idea that is supported by the theoretical
model proposed by Ferrari and So6ling (8). Unfortunately, the
homology between the b and b’ domains of PDI is limited,
and hence it is difficult to define where the b” domain ends
and the interdomain linker begins, but there clearly is a
longer linker region between b’ and a’ of up to 19 amino
acids in length, and hence more potential flexibility than be-
tween the other domains. These linkers in PDI, PDIp, ERp57,
and ERp72 show similarities (see Fig. 3). Apparently, there is
a similar length linker between the first two catalytic domains
of P5, but this shows no similarity to those found between the
b’ and a’ domains (see Fig. 3). The other grouping of interdo-
main linkers are between eight and 15 amino acids long and
are found between all four domains of PDIr and between the
first two catalytic domains of ERp72. All are acidic, proline-
rich, and contain a single tryptophan (see Fig. 3). All of these

PDI 350 KIKPHLMSQELPEDWDKQP 368

ERp57 360 NLKRYLKSEPIPESNDG-P 377

PDIp 356 QVKPYLLSQEIPPDWDQRP 374

ERp72 509 KLKPVIKSQPVPKN-NKGP 526

P5 140 GRSGGYSSGKQGRSDSSSKK 160
ERp72 170 PDWTPPPE 177

PDIr 1 141 PPLWEEDPGAK 151

PDIr 2 261 PQPQVPETPWADGG 276

PDIr 3 385 PPPPEPTWEEQQT 397

FIG.3. Sequences of the interdomain linkers of the human
PDI family. Group 1 consists of the putative linker found be-
tween the b’ and a’ domains of PDI, PDIp, ERp57, and ERp72.
Group 2 consists of the linkers found between the first and sec-
ond catalytic domains of ERp72 and all of the PDIr domains.
The linker between the first and second catalytic domain of P5
clusters with neither group. Numbering is for the full-length
protein.
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linkers are predicted not to be in regular secondary structure
and would possibly permit significant movement of domains
with respect to each other.

The general phenomenom of short interdomain linkers im-
plies that the domains probably remain in the same relative
orientation with respect to each other, and it is likely that there
are very significant interdomain contacts between domains,
especially involving those domains located in the center of the
sequence, e.g., b and b’ for PDIp. Often interdomain contacts
in proteins are based on the burial of hydrophophic surfaces,
and it is noteworthy that the three individual domains tested
that could not be expressed solubly are the b domain of ERp57
and the b’ domains of ERp72 and PDIp, and that these do-
mains have a more hydrophobic character than the other do-
mains found in the same proteins.

In addition to combinations of redox-active and -inactive
thioredoxin-like modules, the human PDIs all appear to have
N- and C-terminal extensions and a highly acidic region.
Whereas the ER-retention motif at the very C-terminus of all
six proteins has a clear function, the function of the other
parts of the extensions are unknown. It is clear that these ex-
tensions are not required for correct folding (see Table 2 for
examples) or for the PDI-like activity of these family mem-
bers (for example, see 4; also Ruddock et al., unpublished ob-
servations). It is also apparent that many of these extensions
are highly acidic (PDI C-terminus, ERp72 N-terminus, PDIp
C- and N-termini, P5 C-terminus) and that of the human
PDIs only ERp57 lacks regions of high negative charge
(the interdomain linkers of PDIr are all acidic). Although the
C-terminal extension of PDI is a putative calcium-binding
domain (8), the physiological function of this acidic region
is unknown, but it is noteworthy that the periplasmic thiol-
disulfide oxidoreductase DsbA has a conserved acidic patch
on the opposite face to its active site (14, 20).

The definition of the domain boundaries of the human
PDIs should allow us to dissect out the function of individual
domains and allow us to see more clearly the synergy that
arises through domain—domain interactions in this important
class of protein folding catalysts.
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