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Protein disulfide isomerases (PDIs) are molecular chaperones that contain thioredoxin (TRX) domains and aid in the formation
of proper disulfide bonds during protein folding. To identify plant PDI-like (PDIL) proteins, a genome-wide search of
Arabidopsis (Arabidopsis thaliana) was carried out to produce a comprehensive list of 104 genes encoding proteins with TRX
domains. Phylogenetic analysis was conducted for these sequences using Bayesian and maximum-likelihood methods. The
resulting phylogenetic tree showed that evolutionary relationships of TRX domains alone were correlated with conserved
enzymatic activities. From this tree, we identified a set of 22 PDIL proteins that constitute a well-supported clade containing
orthologs of known PDIs. Using the Arabidopsis PDIL sequences in iterative BLAST searches of public and proprietary
sequence databases, we further identified orthologous sets of 19 PDIL sequences in rice (Oryza sativa) and 22 PDIL sequences in
maize (Zea mays), and resolved the PDIL phylogeny into 10 groups. Five groups (I–V) had two TRX domains and showed
structural similarities to the PDIL proteins in other higher eukaryotes. The remaining five groups had a single TRX domain.
Two of these (quiescin-sulfhydryl oxidase-like and adenosine 5#-phosphosulfate reductase-like) had putative nonisomerase
enzymatic activities encoded by an additional domain. Two others (VI and VIII) resembled small single-domain PDIs from
Giardia lamblia, a basal eukaryote, and from yeast. Mining of maize expressed sequence tag and RNA-profiling databases
indicated that members of all of the single-domain PDIL groups were expressed throughout the plant. The group VI maize
PDIL ZmPDIL5-1 accumulated during endoplasmic reticulum stress but was not found within the intracellular membrane
fractions and may represent a new member of the molecular chaperone complement in the cell.

Proper folding of nascent polypeptides into func-
tional proteins relies on a number of molecular chap-
erones and protein-folding catalysts that act to shield
nonnative structures from aggregation until they fold
into a native, stable state. One group of these folding
catalysts, the protein disulfide isomerases (PDIs),
interacts with nascent polypeptides to catalyze the
formation, isomerization, and reduction/oxidation of
disulfide bonds (for review, see Freedman et al., 1994;
Wilkinson and Gilbert, 2004). Multiple PDI-related

genes have been identified in each eukaryotic genome
surveyed by whole-genome sequencing. For most of
the corresponding proteins, a demonstrated biochem-
ical function is lacking; therefore, we refer to them as
PDI-like (PDIL) proteins. PDIL proteins are members
of a multigene family within the thioredoxin (TRX)
superfamily, which includes, in addition, glutaredox-
ins, TRXs, ferredoxins, and peroxidoxins (Jacquot et al.,
2002). All proteins in this ancient superfamily have at
least one structural domain that functions through Cys
residues in a CXXC tetrapeptide sequence (for review,
see Ellgaard, 2004; Wilkinson and Gilbert, 2004). These
domains, called TRX structural folds, have amino
acids arranged in a conserved three-dimensional con-
formation (Kemmink et al., 1997). The most prevalent
and best-studied PDIL proteins are orthologs of an
approximately 57-kD PDI that has been found in most
eukaryotic organisms investigated, including plants.
(In this report, we will refer to the approximately
57-kD protein as the major PDI whose counterparts in
Arabidopsis [Arabidopsis thaliana], rice [Oryza sativa],
and maize [Zea mays] have the GenBank accession nos.
of NM_102024, AK068268, and L39014, respectively.)
The disulfide isomerase function of PDI proteins is
important in all cell types, especially those cells de-
voted to protein secretion and/or storage.
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Although there has been extensive biochemical
characterization of a few PDIL proteins, most analysis
has been based on similarities of amino acid sequences
from organisms outside the plant kingdom. Adding
further to the complexity of this gene family is the
large size of the TRX superfamily. As part of an open-
ended RNA-profiling study, we identified several
sequences predicted to encode proteins that had
functions related to the redox state of protein disulfide
bonds and were up-regulated in endosperm of maize
mutants associated with endoplasmic reticulum (ER)
stress. The set of induced genes included the major
PDI and also other sequences that contained TRX
domains. We attempted to predict the function of these
genes in silico with bioinformatics tools but found that
misannotations in whole-genome databases and the
absence of full-length sequences for PDIL proteins
from other plants hindered a reliable analysis. Phy-
logenetic analyses available from previous studies of
PDIL proteins included very few sequences from
plants and considered only a narrow selection of likely
PDIL proteins (Sahrawy et al., 1996; Kanai et al., 1998;
McArthur et al., 2001). Furthermore, previous analyses
that did include plant sequences focused primarily on
subsets rather than on the global organization of the
TRX superfamily, leaving an absence of reliable com-
parisons to define the PDIL gene space within it
(Meyer et al., 1999; Balmer and Buchanan, 2002; Meiri
et al., 2002; Brehelin et al., 2003; Takubo et al., 2003;
Hanke et al., 2004; Rouhier et al., 2004).

Biochemical and cell fractionation studies have
shown that PDI activity is generally associated with
the ER, the entry point into the secretory pathway.
Many PDIL proteins have NH2-terminal sequences
predicted to be signal peptides for ER targeting,
and several have COOH-terminal KDEL motifs
that serve as retrieval tags for ER resident proteins
(Pelham, 1990). The ER is an important site of PDI
function, in part due to the oxidizing environment
that favors disulfide-bond formation. Mutations or
pharmacological agents that perturb ER homeostasis
lead to an ER stress response that includes induc-
tion of a number of PDIL genes. For example, in
mammals the genes ERp57 and ERp72 and in yeast
the PDIL genes EUG1, MPD1, MPD2, and EPS1 have
been found to be induced (Wang and Chang, 1999;
Travers et al., 2000; for review, see Wilkinson and
Gilbert, 2004).

In maize, the major PDI accumulates to high levels
in seeds producing mutant storage proteins that trig-
ger induction of the ER stress response (Li and
Larkins, 1996). This induction has been characterized
in the maize mutants floury-2 (fl2), Mucronate (Mc), and
Defective endosperm B30 (De*-B30) that exhibit tissue-
specific increases in molecular chaperones (including
PDI) as a result of structural changes in storage
proteins (Coleman et al., 1995; Li and Larkins, 1996;
Wrobel, 1996; Kim et al., 2004). Because the ER stress
response in these mutants is spatially and develop-
mentally specific for endosperm during accumulation

of storage protein reserves, these mutants are excellent
model systems for studying responses associated with
ER stress. Even in the absence of ER stress, seeds
provide a rich source of the major PDI, which is
needed not only in response to ER stress but also for
production of highly disulfide-bonded storage pro-
teins (for review, see Shewry et al., 1995). The major
PDI has been isolated and characterized from alfalfa
(Medicago sativa) and seeds of castor (Ricinus communi),
wheat (Triticum aestivum), and maize (for review, see
Boston et al., 1996).

PDIL proteins from widely divergent organisms
share similar functional building blocks and a com-
mon TRX domain organization (McArthur et al., 2001;
Norgaard et al., 2001; Alanen et al., 2003; Wilkinson
and Gilbert, 2004). Perhaps the best-studied PDIL
multigene family is that of mammals with at least
eight members that can be grouped into four classes
based on position and number of TRX domains (Kanai
et al., 1998). Class 1, the largest structural group,
contains sequences with two active TRX domains,
one near the NH2 terminus and one in the COOH-
terminal region of the protein. Class 3 proteins have
these domains plus an additional TRX domain at the
NH2 terminus. Class 2 proteins (two domains) and
class 4 proteins (three domains) have TRX domains
that occur in tandem at the NH2 or COOH terminus,
respectively.

Single-celled organisms appear to have a less com-
plex PDIL family than mammals. The PDIL family
in Saccharomyces cerevisiae has five members, includ-
ing a homolog of the major PDI that is necessary
for viability (Norgaard et al., 2001). Three of the
S. cerevisiae PDIL proteins have single TRX domains
and thus fall into a fifth structural class (class 5), in
which we will group all single-domain proteins
(Norgaard et al., 2001). Like S. cerevisiae, Giardia
lamblia contains five PDIL proteins, but all five have
single TRX domains (McArthur et al., 2001).

In an effort to bring together a current data set of
proteins encoding TRX domains from which we could
identify PDIL members of the TRX superfamily in
plants, we initiated a search to extract sequences
encoding TRX domains from Arabidopsis genomic
databases. From these data, we performed analyses to
incorporate plant PDIL proteins into the existing PDI
phylogeny and, after extensive sequencing of full-
length PDIL cDNAs, compiled the comprehensive lists
of PDIL gene sets presented here. Through this anal-
ysis, we introduced 49 additional sequences into the
PDIL families from Arabidopsis, rice, and maize and
identified five single TRX domain PDIL phylogenetic
groups that arose prior to the split between monocots
and eudicots, are evolutionarily distinct from each
other, and are structurally distinct from the major PDI.
The smallest member of the PDIL proteins (approxi-
mately 150 amino acids) had an NH2-terminal signal
sequence and showed a strong induction during ER
stress but did not fractionate with organelles of the
secretory pathway.
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RESULTS

Phylogenetic Analysis of the Arabidopsis TRX
Superfamily and Identification of the PDIL Clade

Altogether 117 TRX domains from 104 Arabidopsis-
predicted amino acid sequences were compiled into
a data matrix and aligned using ClustalX software
(Thompson et al., 1997). The phylogenetic tree derived
from analysis of the matrix using the Bayesian method
is shown in Figure 1, and the matrix itself is available
in Supplemental Table I. In general, subclades in the
tree corresponded to members of putative functionally
distinct subfamilies of the TRX superfamily (i.e. glu-
taredoxin, TRX, PDIL, ferredoxin, peroxidoxin) and
provided the basis for selecting and further analyzing
a likely complete list of Arabidopsis PDIL genes.

The phylogenetic analysis of the TRX domains
identified a well-supported clade containing putative
disulfide isomerases and oxidoreductases that act in
the protein secretory pathway of plants (Fig. 1). This
PDIL clade included two close homologs (At1g21750
and At1g77510; Fig. 1, arrowheads) of the functionally
characterized castor PDI (accession no. AAB05641;
Coughlan et al., 1996). Unexpectedly, this clade, hence-
forth designated PDIL, also included two protein
groups for which enzymatic activities other than PDI
had been shown. One of these, the adenosine 5#-
phosphosulfate reductase-like (APRL) group, con-
tained three sequences that had been shown to have
reductase activity typical of TRXs as well as an
adjacent domain responsible for adenylyl sulfate re-
ductase (APR) activity (Gutierrez-Marcos et al., 1996;
Setya et al., 1996; Wray et al., 1998; Prior et al., 1999).
This APRL group formed a separate subclade (87%
posterior probability; Fig. 1) and was strongly suppor-
ted (96% posterior probability) to be a member of the
PDIL clade. The other group consisted of four closely
related sequences, two of which, At1g15020 and
At2g01270, belong to the quiescin-sulfhydryl oxidase
(QSOX) family. Members of this family, in addition to
a TRX domain, possess an Erv1-like domain at the
COOH terminus (Fig. 1). Interestingly, Erv1 domains
have been independently implicated in cellular redox
processes (Lange et al., 2001) and thus may function
interdependently when fused with TRX domains.
The two QSOX proteins are nested within the PDIL
proteins and, together with the remaining set of 20
protein sequences in the Arabidopsis PDI-related
clade (PDIL), form four well-supported groups on
the tree (Fig. 1). Accession numbers of this nonredun-
dant set of 22 Arabidopsis PDIL sequences are shown
in Table I.

With the exception of two previously named groups
(QSOX and APRL, see above), we have adopted
a consolidating nomenclature for designating the in-
dividual plant PDIL proteins based on species and the
five structural PDIL classes as defined by Kanai et al.
(1998). All of the plant PDIL sequences had one or two
active TRX domains and therefore fell into structural

classes 1, 2, or 5. The full nomenclature includes two
lowercase letters for genus and species, a capital PDIL,
and the structural class designation followed by an
Arabic number initially based on prevalence of ex-
pression with subsequent numbers denoting prece-
dence. (For example, the major PDI of Arabidopsis
would be AtPDIL1-1.) For the proteins within this
clade that have previously characterized nonisomer-
ase activities, we adopted the published precedents of
QSOX-like (QSOXL; Thorpe et al., 2002) and APRL
(Gutierrez-Marcos et al., 1996; Setya et al., 1996; Wray
et al., 1998).

Phylogenetic Analysis of Eukaryotic PDIL Domains

To investigate the evolutionary relationships among
the TRX domains of PDIL proteins in plants and other
eukaryotes, we produced a reliable dataset for resolv-
ing evolutionary relationships within the PDIL family
by confirming (and correcting when necessary) each
of the protein coding regions from the Arabidopsis
genomic sequences with comparisons to cDNA se-
quences. We further added to the Arabidopsis amino
acid data matrix TRX domains of PDIL sequences for
the moss Physcomitrella patens and the green alga
Chlamydomonas reinhardtii. These sequences were com-
bined with a data matrix previously constructed by
McArthur et al. (2001; Supplemental Table II) for TRX
domains of PDIL proteins from both higher and lower
eukaryotes. Because of the availability of the Arabi-
dopsis complete genome sequence, the new matrix
provided the highest confidence of having a complete
plant complement of PDIL sequences. The combined
data matrix included sequences from single-celled
eukaryotes, plants and animals with all five PDIL
structural classes represented, but did not include the
Arabidopsis QSOX or APRL members, as no counter-
parts of these sequences from other organisms were
present in the existing data matrix. The data matrix
was analyzed using both maximum-likelihood
(Felsenstein, 2002) and Bayesian inference methods
(Huelsenbeck and Ronquist, 2001).

Results from the Bayesian analysis as shown in
Figure 2 indicated that, in general, the introduction of
the additional plant sequences to the data matrix of
McArthur et al. (2001) caused few disruptions in
the relationships between evolutionary lineages and
structural arrangement of the TRX domains, as in-
ferred previously (McArthur et al., 2001). Relation-
ships among the PDIL proteins revealed by our
analyses were also similar to those determined by
Kanai et al. (1998). Our results show that the Arabi-
dopsis PDIL TRX domains belong to 13 evolutionary
lineages (Fig. 2; lineages are marked by I–VIII with N
and C used as in Fig. 1 to mark the position of the TRX
domain within the protein sequence or S to indicate
single TRX domain PDIL proteins). These lineages are
dispersed throughout the tree with most of the se-
quences of the two-domain groups (I–V) associated
with TRX domains of PDIL proteins from outside of
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Figure 1. Phylogenetic tree of the
Arabidopsis TRX domain super-
family resulting from Bayesian
analysis of protein sequences using
MrBayes 3.0 (Huelsenbeck and
Ronquist, 2001). Posterior prob-
ability values (.50%) indicate
nodal support and are shown
above internodes. Brackets indi-
cate members of the TRX super-
family based on annotation and
functional data. GRX, Glutare-
doxin; PRX, peroxidoxin; FRX, fer-
redoxin. Domain positions are
represented as follows: C, COOH-
terminal domain with C# and C##
denoting additional TRX domains;
and N, NH2-terminal domain. Ar-
rowheads mark putative orthologs
of castor PDI for which PDI enzy-
matic activity has been demon-
strated.
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Table I. Properties of PDIL families from Arabidopsis, maize, and rice

Phylogenetic

Groupa
PDIL

Designationb
No. of

Exonsc

Predicted

Polypeptide

Sized

Accession

No. of

Genee

Map

Location

(Chromosome)f

Accession

No. of cDNAg,h
Structural

Classi
TRX

Domainsj
COOH-Terminal

Tetrapeptide
Localizationk

I AtPDIL1-1 9 501 At1g21750 1 NM_102024 1 2 KDEL S
I AtPDIL1-2 10 508 At1g77510 1 NM_106400 1 2 KDEL S
I OsPDIL1-1 10 512 11 AK068268 1 2 KDEL S
I OsPDIL1-2 10 517 4 AY739308 1 2 KDEL S
I OsPDIL1-3 9 492 2 AK073161 1 2 KDEL S
I ZmPDIL1-1 NDl 514 ND AY739284 1 2 KDEL S
I ZmPDIL1-2 ND 512 ND AY739285 1 2 KDEL S
II AtPDIL1-3 12 579 At3g54960 3 NM_115353 1 2 KDEL S
II AtPDIL1-4 12 597 At5g60640 5 NM_180903 1 2 KDEL S
II OsPDIL1-4 13 563 2 AK071514 1 2 KDEL S
II ZmPDIL1-3 ND 568 ND AY739286 1 2 KDEL S
II ZmPDIL1-4 ND 561 ND AY739287 1 2 KDEL S
III AtPDIL1-5 12 537 At1g52260 1 NM_104105 1 2 KDEL S
III AtPDIL1-6 12 534 At3g16110 3 NM_112481 1 2 KDEL S
III OsPDIL1-5 12 533 6 AK073970 1 2 KDEL S
III ZmPDIL1-5 ND 529 ND AY739295 1 2 KDEL S
IV AtPDIL2-1 10 361 At2g47470 2 NM_130315 2 2 VASSm,n S
IV OsPDIL2-1 11 366 5 NM_185280 2 2 TFSSm,n S
IV OsPDIL2-2 11 371 1 NM_183927 2 2 TFSSm,n S
IV ZmPDIL2-1 ND 367 ND AY739288 2 2 TFSSm,n S
IV ZmPDIL2-2 ND 366 ND AY739289 2 2 IFSSm,n S
V AtPDIL2-2 9 443 At1g04980 1 NM_100376 2 2 KDDL S
V AtPDIL2-3 9 440 At2g32920 2 NM_128852 2 2 KDEL S
V OsPDIL2-3 9 441 9 AK062254 2 2 NDEL S
V ZmPDIL2-3 ND 439 ND AY739290 2 2 NDEL S
VI AtPDIL5-1 4 146 At1g07960 1 NM_202059 5 1 DKEL S
VI OsPDIL5-1 4 147 3 AK063663 5 1 LQDSm S#
VI ZmPDIL5-1 ND 150 ND AY739291 5 1 LEADm S#
VII AtPDIL5-2 6 440 At1g35620 1 NM_103262 5 1 KKED S
VII OsPDIL5-2 5 423 4 AK069367 5 1 AHEEm S
VII OsPDIL5-3 5 425 2 NDo 5 1 AHEDm S
VII ZmPDIL5-2 ND 418 ND AY739292 5 1 IHEEm S
VII ZmPDIL5-3 ND 420 ND AY739293 5 1 IHEEm S
VIII AtPDIL5-3 15 483 At3g20560 3 NM_112948 5 1 GKNIm O
VIII AtPDIL5-4 15 480 At4g27080 4 NM_118842 5 1 GKNFm O
VIII OsPDIL5-4 15 485 7 AK099660 5 1 GKNIm O
VIII ZmPDIL5-4 ND 483 ND AY739294 5 1 GKNIm O
XI AtQSOX1 12 528 At1g15020 1 AY062528 5 1 EKERm S
XI AtQSOX2 12 495 At2g01270 2 AY090364 5 1 PRRRm S
XI OsQSOXL1 ND 513 5 AK121660 5 1 KNWNm S#
XI ZmQSOXL1 ND 511 ND AY739305 5 1 KNWNm S#
X AtAPR1 4 465 At4g04610 4 NM_116699 5 1 NLVRm O
X AtAPR2 4 454 At1g62180 1 NM_104899 5 1 NLLRm O
X AtAPR3 4 458 At4g21990 4 NM_118320 5 1 NLVRm O
X AtAPRL4 4 310 At1g34780 1 NM_103198 5 1 SSSQm S
X AtAPRL5 4 300 At3g03860 3 NM_111257 5 1 SDQSm S
X AtAPRL6 4 295 At4g08930 4 NM_116962 5 1 SASQm S
X AtAPRL7 4 289 At5g18120 5 NM_121817 5 1 SQSAm S
X OsAPRL1 ND 475 7 XM_478340 5 1 NSLRm O
X OsAPRL2 5 282 6 AY739306 5 1 PSTSm O
X OsAPRL3 4 311 2 XM_467860 5 1 NELRm S
X OsAPRL4 ND 264 8 AY739307 5 1 SNLSm S
X OsAPRL5 4 301 3 AK073308 5 1 SRQAm S
X OsAPRL6 4 300 12 NDo 5 1 AVLDm S#
X ZmAPRL1 ND 461 ND AY739296 5 1 NSLRm O
X ZmAPRL2 ND 466 ND AY739297 5 1 NSLRm O
X ZmAPRL3 ND 323 ND AY739298 5 1 SELRm S#
X ZmAPRL4 ND 321 ND AY739299 5 1 SELRm S#
X ZmAPRL5 ND 267 ND AY739300 5 1 PSLSm S#

(Table continues on following page.)
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the plant kingdom. Of the three single-domain groups
in the tree (VI, VII, and VIII), one (VI) contained
sequences from P. patens, C. reinhardtii, G. lamblia, and
human, in addition to AtPDIL5-1S, and formed a larger
subclade with group VIII and the two TRX domains of
a PDIL sequence from Acanthamoeba castellanii (Fig. 2).
The remaining group (VII) consisted of only a single
branch leading to AtPDIL5-2S. Results from a maxi-
mum-likelihood analysis (data not shown) were con-
sistent with those from the Bayesian analysis shown in
Figure 2.

The Arabidopsis proteins of structural class 1 (phy-
logenetic groups I–III) were grouped with structural
class 1 proteins from other organisms (Fig. 2). Further-
more, the NH2- and COOH-terminal domains of these
groups were well separated on the tree. By contrast,
the NH2- and COOH-terminal domains of a given
phylogenetic group of structural class 2 proteins
(phylogenetic groups IV and V) grouped closely to-
gether (Fig. 2).

Bioinformatic and Sequence Analysis of the PDIL Gene
Space in Maize and Rice

An unexpected discovery from the global phyloge-
netic tree was the presence of subgroups in which
plant sequences were the only representatives of
higher eukaryotes. This finding led us to investigate
the sequential evolutionary events that led to the
apparently greater diversity of PDIL proteins within
the plant kingdom. We used the Arabidopsis se-
quences of the entire PDIL-related phylogenetic clade
(QSOX, PDIL, and APRL) to identify counterparts in
rice and maize for which we obtained full-length
cDNA sequences. Accession numbers for the Arabi-
dopsis, rice, and maize orthologs of this group are
provided in Table I. From these, we constructed a data
matrix (presented in Supplemental Table III) derived
from nucleotide sequences of 88 TRX domains ex-
tracted from the 63 plant PDIL sequences of Arabidop-

sis (22), maize (22), and rice (19; Table I). A nucleotide
sequence matrix was used because it included 3 times
more characters in each sequence than the amino acid
sequence matrix and thus would permit a more re-
fined analysis.

Phylogenetic Analysis of Plant PDIL

Nucleotide Sequences

The nucleotide-based gene phylogeny for the PDIL-
related clade from Arabidopsis, rice, and maize (Fig. 3)
generally agreed with the global amino acid phylog-
eny (Fig. 2) in topology and in having low support for
basal nodes but much higher support for upper nodes.
The tree topology showed clear paralogous and or-
thologous relationships and recognized the same phy-
logenetic groups. However, the nucleotide tree was
better resolved and had greater support, especially for
relationships among the phylogenetic groups. In the
nucleotide phylogeny, the NH2-terminal domains of
phylogenetic groups I to III (structural class 1) and
phylogenetic group IV (structural class 2) are grouped
together in a clade separated from the COOH termini
of these proteins. The single-domain groups, VI to VIII
and QSOXL, are all nested within the NH2-terminal
clade containing groups I to IV, with VII being closely
related to IN, VI to IVN, and VIII to QSOXL. By contrast,
the two domains of group V (structural class 2) were
resolved as sister groups (Fig. 3). The APRL proteins
consist of a monophyletic group distinct from the
other proteins (Fig. 3).

Our phylogenetic analyses suggested clearly that all
10 of the phylogenetic subgroups emerged before the
divergence of monocots and eudicots, as a result of
duplication of genes (e.g. groups I–III), duplication of
domains (e.g. group V), and perhaps loss of domains
(e.g. groups VI–VIII and QSOXL) that mostly may be
traced back to an early eukaryotic evolution (Figs. 2
and 3). Recent duplications of different phylogenetic
subgroups within a plant species also occurred in

Table I. (Continued from previous page.)

Phylogenetic

Groupa
PDIL

Designationb
No. of

Exonsc

Predicted

Polypeptide

Sized

Accession

No. of

Genee

Map

Location

(Chromosome)f

Accession

No. of cDNAg,h
Structural

Classi
TRX

Domainsj
COOH-Terminal

Tetrapeptide
Localizationk

X ZmAPRL6 ND 303 ND AY739301 5 1 GSTIm S#
X ZmAPRL7 ND 297 ND AY739302 5 1 LLLDm O
X ZmAPRL8 ND 299 ND AY739303 5 1 SRQAm S
X ZmAPRL9 ND 300 ND AY739304 5 1 SRQAm S#

aAssigned phylogenetic group based on nucleotide and protein phylogenetic analyses (Figs. 2 and 3). bPlant PDIL nomenclature as described
in text. cNumber of predicted exons. dNumber of amino acid residues. eArabidopsis Genome Initiative accession number. fChro-
mosomal location of genes obtained from MAtDB (http://mips.gsf.de/proj/thal/db/index.html; Schoof et al., 2002) and Gramene (http://
www.gramene.org/; Ware et al., 2002). gGenBank cDNA accession numbers with submissions from this work shown in bold. hAK108878
was found in database searches annotated as Oryza sativa; however, it is a likely endophytic contamination (data not shown). iAssigned
structural class based on number and position of TRX domains. jNumber of TRX domains. kS, Secretory pathway assignment by TargetP
(http://www.cbs.dtu.dk/services/TargetP/; Emanuelsson et al., 2000) reliability value $0.6; S#, secretory pathway assignment reliability value ,0.6;
O, other localization predicted. lND, Not determined. mNo evidence for tetrapeptide involvement in ER retention. nPredicted
polypeptide has a COOH-terminal 57-amino acid domain implicated in ER retention (Monnat et al., 2000). oNo cDNA sequence available;
tBLASTn searches of Gramene identified predicted transcripts GRMT00000163510 (OsPDIL5-3) and GRMT00000182570 (OsAPRL6).
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Figure 2. Bayesian tree with the best log likelihood score based on PDIL protein sequences from a wide range of organisms.
Posterior probability values provide nodal support and are indicated above internodes. Branches marked with arrows are not
present in the 50% majority consensus tree. The tree was rooted with TRX domains from TRXs (AtTrx, Q38879; ScTrx, P22803;
HsTrx, P10599). Branch lengths are proportional to the number of amino acid changes. Roman numerals and brackets indicate
plant PDIL phylogenetic groups. Domain positions are represented as follows: C, COOH-terminal domain; N, NH2-terminal
domain; N2, central domain; S, single domain. Sketches below group labels denote structural classes based on the assignments
of Kanai et al. (1998), with shaded boxes representing the domain position within the sequence. Trees resulting from the
maximum-likelihood analysis were similar except in the arrangement of weakly supported nodes (data not shown).
Abbreviations for species shown in the tree are as follows: Ac, A. castellanii; An, Aspergillus niger; At, Arabidopsis; Ce,
Caenorhabditis elegans; Cp, Cryptosporidium parvum; Cr, C. reinhardtii; Dd,Dictyostelium discoideum; Di,Dirofilaria immitis;
Gl, G. lamblia; Hj, Hypocrea jecorina; Hs, Homo sapiens; Hv, Hordeum vulgare; Os, rice; Sc, S. cerevisae; Sp,
Schizosaccharomyces pombe; Tb, Trypanosoma brucei brucei; Zm, maize. Accession numbers for sequences analyzed from
the McArthur et al. (2001) data matrix are listed in Supplemental Table II.
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Figure 3. Bayesian consensus tree based on nucleotide sequences from the Arabidopsis plant PDIL clade. Posterior probabilities
(.50%) are indicated above internodes. The tree was rooted with TRX domains from TRXs (AtTrx, At5g39950; OsTrx,
NM_185032; ZmTrx, BM333382). Phylogenetic groups and domain organization are described in Figure 2. Trees resulting from
the maximum parsimony analysis were similar except in the arrangement of nodes that are weakly supported (data not shown).
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maize, rice, and Arabidopsis, as indicated by the
presence of more than one sequence of the same
species in a phylogenetic subgroup (Fig. 3; Table I).

Relationship between PDIL Phylogeny and
Structural Features

The amino acid and nucleotide-based phylogenetic
relationships were derived solely from the TRX do-
mains. To determine if the domain relationships could
be extended outside of these regions, we examined the
physical characteristics predicted for the PDIL family
members. Table I shows a comparison of the PDIL
families from rice, maize, and Arabidopsis. Phyloge-
netic groups I, II, and III were similar in size, approx-
imately 500, approximately 560, and approximately
530 amino acids, respectively, and made up structural
class 1. The proteins in these phylogenetic groups were
predicted by several analyses in silico to be secretory
proteins with putative signal peptides and COOH-
terminal KDEL-like ER retention sequences. Together
with the data from amino acid and nucleotide phy-
logenetic analyses, such shared features in different
PDIL groups offer further support for a similar evolu-
tionary history. Proteins represented in subclade IV
were approximately 360 amino acids in length but
lacked a KDEL-like ER retention signal. Members of
subclade V were longer (approximately 440 amino
acids) and had KDEL-like ER retention signals at their
COOH termini. The sequence and domain differences
between subclades IV and V offer additional circum-
stantial support for the independent evolution sug-
gested by the phylogenies.

Aside from having single TRX domains, class 5
PDIL proteins (groups VI, VII, VIII, APRL, and
QSOXL) shared few structural features across groups.
Such diversity is not surprising given the differing
evolutionary origins suggested from the phylogenetic
analysis. Group VI PDIL proteins were the smallest
members of the plant PDIL family with only approx-
imately 150 amino acids. Members of groups VII, VIII,
and QSOXL were much larger (418–528 amino acids).
PDIL proteins from groups VI and VII were predicted
to be secretory proteins with signal peptides. None of
the single TRX domain proteins had KDEL-like se-
quences, but one (AtPDIL5-2) of the five members of
group VII had a COOH-terminal dilysine KKXX
membrane-anchoring motif. All of the group VII
proteins, as well as the QSOXL and group VIII
proteins, were predicted to be membrane proteins by
analysis with TMpred and TMHMM programs (Hof-
mann and Stoffel, 1993; Sonnhammer et al., 1998;
Benghezal et al., 2000). The APRL clade contained
two subclades. Members of one subclade (AtAPR1, 2,
and 3; ZmAPRL1 and 2; OsAPRL1) contained a
3#-phosphoadenylyl sulfate (PAPS) reductase domain
in the full-length sequence, whereas members of the
other APRL subclade lacked this domain. Proteins with
PAPS reductase domains were predicted to be approx-
imately 460 amino acids in length with NH2-terminal

sequences predicted to target the proteins to the
chloroplast; proteins in the other APRL subclade
were smaller (approximately 300 amino acids), and
most had NH2-terminal ER signal sequences. A five-
member terminal group from this putatively ER-
targeted subclade (AtAPRL5 and 7; ZmAPRL6 and
7; OsAPRL6) was distinguished by the presence of
a predicted membrane-spanning domain (data not
shown). Overall, the phylogenetic groupings derived
from the PDIL-active TRX domain sequences showed
a positive correlation with both protein size and com-
mon targeting features within a group.

Distribution of PDIL Genes in the Arabidopsis Genome

Regional and genome duplication events are a major
component of gene family development (Wendel,
2000). Members of a gene family can be distributed
randomly throughout the genome; however, 17% of all
duplicated genes in Arabidopsis have been reported
as occurring in tandem (The Arabidopsis Genome
Initiative, 2000). To determine the significance of
duplication events in the plant PDIL gene family
evolution, we investigated the chromosomal distri-
bution of the plant PDIL sequences in Arabidopsis
and rice. Of the 22 Arabidopsis sequences in the
PDIL clade, 8 were found in duplicated regions of
the genome (AtPDIL1-1, AtPDIL1-2, AtPDIL1-5,
AtPDIL1-6, AtPDIL2-2, AtPDIL2-3, AtAPRL5, and
AtAPRL7). One event was associated with regions
duplicated on chromosome 1 (AtPDIL1-1 and
AtPDIL1-2), two occurred in regions duplicated be-
tween chromosomes 1 and 2 (AtPDIL2-2 and
AtPDIL2-3) and 1 and 3 (AtPDIL1-5 and AtPDIL1-6),
and a third occurred between chromosomes 3 and 5
(AtAPRL5 and AtAPRL7). Five other PDIL sequences
were found on nonduplicated regions of chromosome
1, and the remaining nine were found on other
chromosomes. For rice, the 19 QSOXL-PDIL-APRL
sequences mapped to 11 of the 12 chromosomes (Table I).

Maize PDI Gene Expression

Participation of the major PDIs in the essential
cellular process of protein folding led us to assay for
expression of PDIL mRNAs throughout the maize
plant. We searched the massively parallel signature
sequencing (MPSS) database (Brenner et al., 2000)
from Pioneer Hi-Bred International for tissue-specific
abundance of maize PDIL mRNAs in libraries from
different tissue samples including a number of differ-
ent stages of developing seeds. MPSS allows direct
quantitative comparisons of mRNA abundance within
and among samples based on generation of more than
one million 17-nucleotide-long expressed sequence
tags (ESTs) from each library. Table II shows a com-
parison of relative mRNA prevalence across repre-
sentative tissues (B73 inbred) selected from a
comprehensive gene expression data set of several
hundred libraries. Eight of the maize PDIL genes were
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expressed in at least 10 of the 11 libraries shown. The
major PDI (ZmPDIL1-1) was highly expressed in all
organs/tissues surveyed except for pollen, in which it
was barely detectable. Other PDIL members were less
abundant and showed marked differences in relative
expression levels within and among groups. For
paralogs in structural class 1 (phylogenetic groups I
and II), usually one was expressed at a much higher
level than others (Table II, compare ZmPDIL1-1 with
1-2 and 1-3 with 1-4). For structural class 2, by contrast,
all three maize paralogs were expressed at similar
levels across the range of organs/tissues surveyed
(Table II, ZmPDIL2-1, 2-2, and 2-3). Even so,
ZmPDIL2-1 and ZmPDIL2-2 had quantitatively dif-
ferent expression patterns, yet they were both in
phylogenetic class V and shared sequence identity of
81% at the amino acid level. Expression of genes
encoding single TRX domain proteins was quite di-
verse. Phylogenetic groups VI to VIII and QSOXL en-
coded rare mRNAs with the exception of ZmPDIL5-4
(a group VIII member). ZmPDIL5-4 expression re-
sembled that of the major PDIL group, ZmPDIL1,
which was dramatically underrepresented in pollen.
The members of the APRL subclade also showed
a variety of expression patterns, with some being
prevalent across several organs/tissues (APRL1, 3, 5,
8, and 9) and others being quite rare (APRL2, 4, 6, and
7). Examination of PDIL MPSS data from Arabidopsis
in the Pioneer Hi-Bred database and a public database
of 17 available tissue libraries (http://mpss.udel.edu/
at/; Meyers et al., 2004) reflected a similarly diverse
expression pattern (N.L. Houston and R. Jung, un-
published data). Aside from MPSS experiments, ESTs
of many of the maize PDILs were found at low levels
in most tissue- or organ-specific cDNA libraries in the
Pioneer Hi-Bred database but appeared to be preva-
lent in cDNA libraries derived from chemically per-
turbed Black Mexican Sweet maize cell suspension
cultures (data not shown). Thus, at the level of mRNA

expression, a number of different PDIL genes follow
a broad expression pattern expected for a generalized
housekeeping function. Other PDIL mRNAs are rare,
yet they may be highly expressed in specific tissues
and/or in response to specific developmental or
environmental cues.

Induction of a Single-Domain Group VI PDIL Protein
during ER Stress

We were particularly interested in characterizing the
proteins of the single-domain phylogenetic group VI,
which had only one member from each plant. In
addition, these proteins were the smallest members
of the PDIL family, and the Arabidopsis representative
grouped with the TRX domains from the primitive,
nonvascular green plants P. patens and C. reinhardtii.
Although members of this group had NH2-terminal
domains predicted to act as signal peptides, they
lacked classical ER retention signals. To investigate
whether or not accumulation of this PDIL group
reflected the ER stress induction associated with ER
molecular chaperones, we characterized accumulation
of the maize member, ZmPDIL5-1, in tissues exhibiting
an ER stress response. Figure 4 shows the results of
replicate immunoblots probed for the small PDI,
ZmPDIL5-1, and various marker proteins in the maize
fl2 mutant that exhibit ER stress during endosperm
development (Boston et al., 1991). ZmPDIL5-1 cross-
reacting material was increased between 8 and 15 d
after pollination (DAP) and persisted through mid-
maturation of the kernel (Fig. 4). The major PDI,
ZmPDIL1, showed a similar accumulation pattern
and induction in developing fl2 endosperm (Fig. 4),
as reported by Li and Larkins (1996). Likewise, the
molecular chaperones BiP and calnexin were strongly
induced between 8 and 15 DAP, whereas calreticulin
produced a strong signal at 8 and 10 DAP, with a slight
intensification at later developmental stages. Proteins

Table II. Maize PDIL transcript levels detected by MPSS

Library Sourcea
ZmPDILb ZmAPRLb ZmQSOXLb

1-1 1-2 1-3 1-4c 1-5 2-1 2-2 2-3 5-1 5-2 5-3 5-4 1 2d 3 4 5 6 7 8 9 1

Immature ear 621 0 78 0 30 82 719 136 0 0 0 115 67 0 49 81 39 55 2 67 6 0
Embryo 21 DAP 1,648 0 86 0 0 28 245 46 0 0 0 80 0 0 177 0 6 0 0 0 0 0
Endosperm 21 DAP 6,747 0 117 0 0 70 91 246 17 0 17 145 19 0 36 14 24 0 0 18 30 0
Whole kernels 8 DAP 933 0 11 0 23 152 851 106 38 13 6 113 15 0 94 0 23 7 0 11 2 13
Mature leaf 1,019 0 26 0 0 200 81 217 20 5 0 37 101 0 46 0 32 10 6 28 10 13
Apical meristems

before floral transition
734 0e 43 0 47 61 337 71 9 3 0 77 23 0 19 15 38 41 4 16 21 0

Mature pollen 4 0 0 0 0 9 62 6 0 0 0 0 0 0 54 0 162 0 0 14 9 0
Primary root V2 501 0 54 0 12 149 296 106 9 5 0 65 176 0 90 36 31 0 0 34 12 0
Stalk 562 0 44 0 56 221 762 89 0 0 0 55 28 0 409 4 13 0 0 13 0 0
Tassel spiklets
quartet stage

2,639 0 297 0 18 129 441 186 31 4 0 106 23 0 147 21 16 5 0 0 35 0

Seedling 634 0 37 0 0 167 166 106 0 0 0 26 0 0 185 0 0 23 0 0 23 0

aLibraries shown were from the common inbred line, B73. bmRNA abundance values are in part per million. cESTs found in cDNA
libraries from callus. dESTs found in cDNA libraries from abiotic/biotic-stressed tissues. eFound at low level in specialized MPSS
meristematic tissue libraries (data not shown).
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cross-reacting with antibodies raised against a-zein
were detected in samples harvested 15 DAP and later.
The upper band of the a-zein triplet represents the
mutant 24-kD zein, which is responsible for the ER
stress response (Coleman et al., 1995, 1997). The mito-
chondrial outer membrane protein, porin, was used as
a protein-loading control. Porin cross-reacting mate-
rial was detected as a strong signal in each sample
regardless of developmental stage.

To characterize the responsiveness of ZmPDIL5-1
expression to ER stress, we extended our investigation
to include a normal maize inbred and endosperm
mutants other than fl2 that also exhibit an ER stress
response (Coleman et al., 1995; Kim et al., 2004). Figure
5 shows an immunoblot analysis for endosperm sam-
ples. Blots were probed for PDIL5-1 and the molecular
chaperone BiP for comparison prior to (10 DAP) and
during (18 DAP) the ER stress response. Blots of 16-kD
and 27-kD g-zeins were used to track zein accumula-
tion in all maize lines and ER stress in the mutant
Mc, which has a mutation in the 16-kD g-zein (J.
Gillikin, R. Jung, and R.S. Boston, unpublished data).
A blot probed with antisera against the mitochondrial
a-ATPase subunit was used as a protein-loading
control (Luethy et al., 1993). Increased signals of
ZmPDIL5-1 and the molecular chaperone BiP were

detected after the onset of zein accumulation in the ER
stress mutants De*-B30 and Mc and the double mutant
Mc opaque-2 (Mco2), but not in the normal control.

ZmPDIL5-1 Is Not Associated with Endosperm
Endomembrane Fractions

The observation that PDIL5-1 was induced in re-
sponse to ER stress was confounded by the lack of an
obvious ER retention signal and prompted us to in-
vestigate its subcellular location. Endosperm from
normal and fl2 maize lines was fractionated through
linear Suc gradients and probed by immunoblot
analysis for PDIL5-1 and various marker proteins
(Fig. 6). PDIL5-1 was detected only in the upper
fractions of the gradient. This localization was not
a function of its participation in the ER stress response,
as judged by detection of the protein in equivalent
fractions regardless of whether the samples were
extracted from normal or fl2 endosperm. By contrast,
all of the reference proteins showed an endomem-
brane association, as judged by immunological de-
tection across the gradient.

The 22-kDa-zeins, found in the densest regions of the
gradient, marked the protein body fractions. The porin
marker was most abundant in fractions slightly less
dense than the protein bodies, as expected for a mito-
chondrial protein. The molecular chaperones calnexin,
calreticulin, and PDIL1 localized primarily in the denser
portion of the gradient, as expected for ER and protein
body proteins. PDIL1 and calreticulin were also detec-
ted in the upper portion of the gradient. In addition to
cytosol, these fractions likely represent luminal con-

Figure 4. Accumulation of ZmPDIL5-1 protein during endosperm
development. Crude protein extracts from equal fresh weights of fl2
endosperm were fractionated by SDS-PAGE and immunoblotted to
detect ZmPDIL5-1. The ZmPDIL5-1 blot was probed with antibody
against an 18-amino acid COOH-terminal peptide. Duplicate blots
were probed with antisera raised against the major wheat PDI (which
cross-reacts with ZmPDIL1 proteins), BiP, calnexin/calreticulin, 22-kD
a-zein, and porin. Developmental stages of endosperm samples are
indicated at top in DAP.

Figure 5. Immunoblot analysis of proteins from maize endosperm
mutants De*-B30, Mc, and Mco2. Samples contained crude protein
extracts from equal fresh weights of maize endosperm harvested 10 and
18 DAP. Samples from a normal inbred control are labeled as 1.
Replicate immunoblots were probed with antisera against ZmPDIL5-1,
BiP and a-ATPase, 27-kD g-zein, and 16-kD g-zein.
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tents of lysed organelles, as judged by the absence of the
membrane-associated calnexin from this region.

DISCUSSION

Classical distinctions within the TRX superfamily
relied on size, number, and organization of TRX
domains, subcellular location, and tetrapeptide-active
site motifs along with enzymatic activities to separate
proteins into functional groupings. As data from EST
and genome sequencing projects became available,
these groupings were confounded with more and
more exceptions. We encountered this problem when
BLAST searches for homologs of oxidoreductases un-
covered in a large-scale RNA-profiling study returned
large numbers of proteins with TRX domains. In an
effort to develop a complete, phylogenetically sup-
ported data set, we mined Arabidopsis genomic and
EST databases for sequences encoding TRX domains
and organized the domains based on predicted phy-
logenetic relationships. Sequences within the phylo-
genetic tree grouped according to known or predicted
enzymatic activities in both Bayesian (Fig. 1) and
maximum-likelihood analyses (data not shown).
Sequences known or predicted for different enzyme
activities are placed in different clades. Such a phylo-
genetic pattern is suggestive that functional diver-
gence after gene duplication may have played a critical
role in the primary diversification of the gene family.

An unexpected relationship was the association of
QSOXL and APRL proteins with the PDIL subclade.

This grouping, revealed in the Arabidopsis phylogeny
and supported in higher resolution trees that included
maize and rice (Fig. 3), demonstrates the utility of
a combined bioinformatic/phylogenetic approach to
characterize complex gene families. Furthermore, such
an approach gave us a comprehensive data set that
represents a near-complete, if not complete, catalog of
PDI-related members from Arabidopsis, rice, and
maize (Table I).

Our approach of verifying genomic data with cDNA
sequences based on completely (and generally redun-
dantly) sequenced cDNA clones for the PDIL group
also led to correction of misannotations in previous
curation efforts based on gene model/splicing predic-
tions and in reports that relied on the resulting
genomic predictions (Meiri et al., 2002). For maize,
which has extensive sequence polymorphisms, cDNA
sequences were compared to genome survey sequen-
ces (http://www.maizegdb.org/). This step allowed
us to verify that closely related sequences originated
from distinct genes and not from alleles that might
have been isolated from different inbred lines.

The phylogenies revealed that major subclades cor-
responded to major orthologous groups containing
sequences from both plants and animals. This early
branching suggested that the groups were ancient
within the evolution of PDIL proteins. Plant proteins
containing two TRX domains formed five phylogenetic
groups. The NH2-terminal domains of structural class 1
(groups I–III) united as clades that were separated
from the COOH-terminal clades from the same class 1
groups. The phylogenetic relationship among these

Figure 6. Subcellular localization of ZmPDIL5-1 in normal and fl2 endosperm. Protein extracts from normal and fl2 endosperm
harvested 23 DAP were separated through 10% to 60% linear Suc gradients. Selected fractions from the gradients were analyzed
by SDS-PAGE and immunoblotting. Proteins were visualized by silver staining. Replicate immunoblots were probed with
antisera against ZmPDIL5-1, the major wheat PDI (which cross-reacts with ZmPDIL1), calnexin/calreticulin, 22-kD a-zein, and
mitochondrial porin. Arabic numbers indicate selected gradient fractions. M, Molecular mass markers; S, protein extract loaded
onto the gradient.
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domains was preserved in both lower and higher eu-
karyotes, as expected for an emergence early in eukary-
otic evolutionary history. In contrast with the domains
from proteins in structural class 1, the NH2- and
COOH-terminal domains of group V (structural class
2) showed a close association. Such results are sugges-
tive that members of group V emerged through in-
dependent domain duplication. The two domains of
group IV (structural class 2) did not group together.
Because subclades of the NH2- and COOH-terminal
domains of group IV lacked strong support, no in-
ference could be made about their origins.

The distribution of the major orthologous groups
across the tree is consistent with the hypothesis that
duplications of the TRX domains occurred prior to the
divergence of plants and made a major contribution
to the evolution of this complex gene family from a
common ancestral eukaryote (McArthur et al., 2001).
Such preservation of major orthologs through time is
suggestive that the different PDIL groups may have
separate and important functions in the cell and that
maintaining such functions has been a major evolu-
tionary constraint. Among the recently duplicated
paralogs, preservation of similar functions is expected
to be more common than acquisition of a unique
function. In such a case, functional redundancy might
be avoided by temporal or spatial differences in gene
expression or by maintenance of only a subset of the
major function by each member. The eight AtPDIL
proteins that lie in known duplicated regions of the
genome would be good candidates for testing func-
tional divergence or redundancy among paralogs.

It is intriguing that the TRX domains from QSOXL
and APRL proteins are included in the PDIL clade. The
QSOXL proteins are nested within the PDIL clade and
are sisters with group VIII PDIL proteins. A phylo-
genetic relationship between QSOXL and PDIL was
determined previously by Coppock et al. (1998); how-
ever, only one plant sequence was included in the
analysis. Sister groups VIII and QSOXL share similar
sequence characteristics outside of the TRX domain
used in the phylogenetic analysis including a putative
signal peptide, a membrane-spanning domain, and
lack of a KDEL-like ER retention signal. These simi-
larities in the primary sequence suggest that function
may also have been evolutionarily conserved. Al-
though QSOXL proteins contain only a single TRX
domain, PDI activity may be possible if each PDI
domain functions independently (Vuori et al., 1992).
Although further study will be required to determine
if QSOXL proteins have PDI activity, in RNase refold-
ing studies in vitro, an avian QSOX protein and the
major PDI appeared to act cooperatively to generate
active RNase (Hoober et al., 1999).

APR proteins have been well studied in the sulfate
assimilation pathway (Kopriva and Koprivova, 2004).
The phylogenetic analysis presented here extends our
knowledge of these proteins by showing that they
have a strongly supported phylogenetic relationship
with the PDIL family. Within the APRL group are

subgroups that differ in size, predicted subcellular
localization, and domain composition (Fig. 3; Table I).
Members of one subgroup have a PAPS reductase
domain in addition to the TRX domain. Members of
the other group have only a TRX domain. Because
none of the other proteins in the PDIL clade have the
PAPS reductase domain, it is likely that it was acquired
by an ancestral TRX domain protein. Included in the
APRL PAPS domain subgroup are three AtAPR pro-
teins (AtAPR1, 2, and 3) that have been shown to have
adenylyl sulfate activity (Gutierrez-Marcos et al., 1996;
Setya et al., 1996; Wray et al., 1998). Whether this and/
or the other APRL subgroup have retained isomerase
activity will require further investigation.

Typically, PDIL proteins have multiple TRX do-
mains capable of functioning independently (Vuori
et al., 1992). Therefore, it was unexpected to find that 5
of the 10 phylogenetic groups in plants (VI, VII, VIII,
QSOXL, and APRL) consisted of proteins with only 1
TRX domain. The close phylogenetic relationship
between the nucleotide sequences encoding single-
domain group VII proteins and the NH2-terminal TRX
domains of PDIL proteins of groups IN, IIN, and IIIN in
structural class 1 is consistent with the group VII
proteins having emerged by domain loss from a two-
domain PDIL precursor. A similar domain loss from
a different structural class, group IVN, would explain
the emergence of groups VI, VIII, and QSOXL in
a subclade with the group IVN members. After the
domain loss, the QSOXL proteins would have evolved
further by the addition of an Erv1-like domain. An
alternative hypothesis for the evolution of groups VI
and VIII, however, cannot be ruled out. This hypoth-
esis, that proteins in groups VI and VIII retained an
ancestral domain structure, is based on the relation-
ship between groups VI and VIII and proteins from
lower eukaryotes. Because at least one such single-
domain protein from Giardia has been demonstrated
to have isomerase activity, it seems feasible to specu-
late that members of groups VI and VIII might also be
enzymatically active, either alone or as part of a redox
chain requiring interacting partners (Knodler et al.,
1999).

Examination of features other than the phylogenetic
relationships revealed that the single-domain PDIL
proteins had neither KDEL-like ER retention signals
(groups I–III and V) nor the conserved COOH-
terminal ER retention domains found on the multido-
main PDIL proteins of group IV (Monnat et al., 2000).
The significance of these tags is unclear, however, as
other methods of ER retention have been identified.
For example, retention by an additional domain al-
lowed protein-protein interactions between a PDIL
from human and other ER resident proteins (Russell
et al., 2004). Eps1, a yeast PDIL protein, has a trans-
membrane domain and is associated with a function in
the ER, having been shown to be involved in ER-
associated protein degradation (Wang and Chang,
1999). Members of phylogenetic groups VII and VIII
have COOH-terminal sequences predicted to serve as
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transmembrane domains that could act as ER anchors
(Wang and Chang, 1999; Matsuo et al., 2001).

Lack of a means for ER retention could also indicate
alternative targeting. Despite the presence of canonical
signal peptides and KDEL-like motifs, several PDIL
proteins have previously been reported to be localized
in the chloroplast and at the cell surface (Kim and
Mayfield, 1997; Jiang et al., 1999; Zai et al., 1999; for
review, see Turano et al., 2002). In normal maize,
ZmPDIL5-1, a group VI protein, failed to colocalize
with the molecular chaperones such as the major PDI
in either protein bodies or ER (Fig. 6). Instead, it
consistently stayed at the top of the gradient, regard-
less of whether the sample was derived from endo-
sperm of stressed or unstressed seed. This spatial
separation from the endomembrane system is partic-
ularly intriguing in light of experimental data that
showed its strong induction during ER stress (Figs. 4
and 5). Whether this protein transiently resides in the
lumen of the ER and/or exhibits an ER-related func-
tion remains to be determined.

The phylogenetic and comparative analyses pre-
sented here form the foundation for further investi-
gation of the PDIL family, particularly with respect to
protein localization and enzymatic activity. All members
of the TRX superfamily contain a TRX domain that in-
cludes a CXXC motif. Traditionally, PDI proteins were
characterized by a CGHC motif, which is found in all
of the multidomain PDIL proteins as well as in those
from group VII. This conservation is consistent with
group VII having arisen by domain deletion from
group I. Members of groups VI (CKHC) and VIII
(CYWC/S) have motifs unlike any others in the plant
PDIL family including orthologs in P. patens and C.
reinhardtii. New insights into the single-domain PDIL
proteins may well be found through determining if
these changes in the tetrapeptide active site motifs
preserved the ancestral isomerase function or caused
functional divergence. Determining the enzymatic
activities of these single-domain proteins and their
capacity to function independently or act as links with
other proteins in a redox chain will be important for
understanding their biological function in production
and/or isomerization of disulfide bridges, as well as
their physiological roles.

MATERIALS AND METHODS

Database Searches and Sequence Analyses

An initial search for sequences encoding putative active TRX domains was

carried out in Arabidopsis (Arabidopsis thaliana) by iterative BLAST and word

searches of EST and nucleotide sequence databases (Altschul et al., 1997).

After manual editing to correct putative coding sequence prediction errors

and the removal of redundant sequences, a genomic locus-based set of 104

gene sequences was compiled encoding the likely near-complete set of

Arabidopsis proteins containing TRX domains. The 117 predicted active-

TRX domains were extracted from this protein set by homology to consensus

sequences from the National Center for Biotechnology Information Conserved

Domain Database (Marchler-Bauer et al., 2002), entered as separate sequences

into a matrix (Supplemental Table I), and designated with an N or C after the

gene name to denote the location of the domain (N, NH2; C, COOH) within the

double or multiple TRX domain proteins. The final set of 22 AtPDIL sequences

included the entire PDIL clade shown in Figure 1. These 22 AtPDIL sequences

were used to identify orthologous sequence sets in rice (Oryza sativa) and

maize (Zea mays) by iterative BLAST searching (Altschul et al., 1997) of the

National Center for Biotechnology Information (http://www.ncbi.nlm.nih.gov/),

Gramene (http://www.gramene.org/; Ware et al., 2002), and Pioneer

Hi-Bred EST databases. Genomic and EST or cDNA sequences from Arabi-

dopsis and rice were assembled, compared, and edited using Sequencher

software (Genecodes, Ann Arbor, MI). Additionally, high-confidence refer-

ence sequences to confirm (and to correct when necessary) coding sequence

predictions from Arabidopsis and rice were obtained from maize by system-

atically obtaining full-length cDNA sequence information from all identified

maize PDIL genes. For further phylogenetic analyses, we constructed an

amino acid data matrix that combined the 13 AtPDIL TRX domains with a data

matrix constructed by McArthur et al. (2001) that is representative of TRX

domains in eukaryotes (Supplemental Tables I and II). The combined data

matrix did not include QSOX or APRL proteins. In addition, we included the

TRX domains from the single-domain PDIL representative of Physcomitrella

patens and Chlamydomonas reinhardtii. We also compiled a nucleotide data

matrix of 88 plant PDIL TRX domains from 63 Arabidopsis, maize, and rice

nucleotide sequences (Supplemental Table III).

Predicted plant PDIL amino acid sequences were further analyzed with

bioinformatic tools to predict subcellular localization, transmembrane do-

mains, and chromosomal location. Putative signal peptides were predicted

with the neural network-based program TargetP (http://www.cbs.dtu.dk/

services/TargetP/; Emanuelsson et al., 2000). Subcellular localization predic-

tions were considered strong if the reliability value was greater than 0.6, and

predictions below that threshold were confirmed with the Web-based program

PSORT (http://www.psort.org/; Nakai and Kanehisa, 1991; data not shown).

We used TMHMM (http://www.cbs.dtu.dk/services/TMHMM-2.0/;

Sonnhammer et al., 1998), a hidden Markov model-based program, and

TMpred (ISREC Bioinformatics, Epalinges, Switzerland; http://www.ch.embnet.

org/software/TMPRED_form.html; Hofmann and Stoffel, 1993) to predict

transmembrane helices. Arabidopsis PDIL sequences were analyzed with the

MAtDB: Redundancy Viewer (http://mips.gsf.de/proj/thal/db/gv/rv/

rv_frame.html) to identify sequences in duplicated chromosomal regions.

Rice chromosome assignments were found by BLASTp searches in Gramene

(http://www.gramene.org/; Altschul et al., 1997; Ware et al., 2002).

Phylogenetic Analysis

Nucleotide and protein data matrices were aligned using ClustalX mul-

tiple sequence alignment program (version 1.8; Supplemental Tables I–III;

Thompson et al., 1997) with default gap penalties and further adjusted

manually to minimize gap insertions. The Arabidopsis TRX and global PDIL

protein sequences were analyzed with both maximum-likelihood and Bayes-

ian methods using the PHYLIP program (Phylogeny Inference Package,

version 3.6, Department of Genetics, University of Washington, Seattle;

Felsenstein, 2002) and MrBayes 3.0 (Huelsenbeck and Ronquist, 2001). Both

maximum-likelihood and Bayesian inference analyses of protein matrices

were conducted under the Jones Taylor Thornton substitution model (Jones

et al., 1992) with inclusion of observed amino acid frequencies, estimated

proportion of invariant sites, and estimation of among-site rate variation for

the remaining sites according to a gamma distribution. Analyses using

a Bayesian inference procedure were carried out on MrBayes 3.0 (Huelsenbeck

and Ronquist, 2001). Four Markov chains starting with a random tree were run

simultaneously for 200,000 generations with sampling from the trees made

every 100th generation. Altogether 700 trees (of 2,000) were discarded as

the burn-in for the Arabidopsis TRX superfamily and 400 (of 2,000) trees were

discarded for the global PDIL analyses, based on the stationary phase. The

remaining trees were imported to PAUP (Phylogenetic Analysis Using

Parsimony, version 4.0; Sinaur Associates, Sunderland, MA) to construct the

50% majority rule trees (Figs. 1 and 2; Swofford, 2002). The frequencies of

clades on the 50% majority consensus tree provided the posterior probability

support for the clades (e.g. Figs. 1 and 2).

The nucleotide sequences were analyzed using Bayesian methods imple-

mented in MrBayes 3.0 (Huelsenbeck and Ronquist, 2001). The general time-

reversible evolution model (Rodrı́guez et al., 1990) with a proportion of

invariant characters and gamma distribution were implemented in the

Bayesian analysis. This model was the best model chosen by an Akaike

Information Criterion test conducted in modelTest (Posada and Crandall,

1998). Bayesian analysis was performed as described above for protein

sequences, except that only 100,000 generations were run and 460 (of 1,000)
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trees were discarded as the burn-in. Inference about relationships was based

only on the remaining 540 trees. From these, the 50% majority consensus tree

was constructed. The frequencies of clades on the 50% majority consensus tree

provided posterior probability support for the clades (e.g. Fig. 3).

Plant Materials

Normal B37 and W64A inbreds, near isogenic mutant lines W64A fl2, B37

Mc, B37 De*-B30, and the double mutant B37 Mco2 were grown during

summer field seasons at the Central Crops Research Station (Clayton, NC).

The near-isogenic B37 mutant lines were developed and provided by F.

Salamini (Max-Planck-Institut für Züchtungsforschung, Cologne, Germany).

The normal maize Pioneer R03 inbred was grown in the Johnston 2004

summer nursery. At the indicated days after pollination, ears were frozen in

liquid nitrogen and kernels harvested from the ear for storage at 280�C until

use.

Quantitative Expression Analysis of PDIL

Genes by MPSS

The mRNA from a variety of maize tissue samples was previously isolated

and MPSS performed by Lynx Therapeutics (Hayward, CA) as described

(Brenner et al., 2000). The resulting MPSS ESTs, here defined as the first 17 base

pairs, including and following downstream of the most 3# Sau3A site (GATC)

of a gene transcript, are quantified and reported on a ppm basis (1–2 million

sequencing reactions performed per sample) in a searchable database. The

quantity of PDIL MPSS ESTs in each tissue sample were then obtained by

queries of this database with the exact string of the conceptual MPSS ESTs

identified for each of the PDIL gene transcripts (Meyers et al., 2004).

Protein Extraction and Immunoblot Analysis

Equal fresh weights of frozen endosperm from normal and mutant inbreds

were ground with mortar and pestle. Buffer B (10 mM Tris-HCl, pH 8.5 at 25�C,

10 mM KCl, 5 mM MgCl2, and 7.2% [w/v] Suc) was added at a 1:2 (w/v) ratio

(Shank et al., 2001). Cellular debris was removed by centrifugation at 325g for

5 min at 4�C.

Protein extracts were diluted 1:10 (v/v) in SDS sample buffer and boiled

for 5 min before separation through 10% or 15% (w/v) SDS polyacrylamide

gels (Laemmli, 1970) and then transferred to polyvinylidene difluoride

membranes in a submerged blotting system (mini-trans blot; Bio-Rad Labo-

ratories, Hercules, CA) with transfer buffer (48 mM Tris base, 39 mM Gly, pH

9.2) for 3 h at 50V. Membranes were blocked for 1 h with Tris-buffered saline

containing 0.1% (v/v) Tween 20 and 5% (w/v) nonfat dry milk. Immunoblots

of ZmPDIL5-1 were probed with a peptide antibody to the COOH terminus of

the protein (NFVLNEAEKAGEAKLEAD) and anti-rabbit secondary antibody

in Tris-buffered saline containing 0.1% (v/v) Tween 20. Other immunoblots

were probed for the mitochondrial a-ATPase subunit (Luethy et al., 1993),

porin, or others indicated below. Polyclonal antibodies raised against purified

calreticulin (Pagny et al., 2000) also cross-reacted with maize calnexin.

ZmPDIL1 proteins were detected with a polyclonal antibody raised against

the major PDI from wheat (Triticum aestivum; Shimoni et al., 1995). This

antibody detected the major ER stress-induced polypeptide of approximately

55 kD along with several minor polypeptides of similar size as judged by two-

dimensional gel electrophoresis (N.L. Houston and R.S. Boston, unpublished

data). We cannot determine whether these additional polypeptides are iso-

forms encoded by the major ZmPDIL1-1 gene or products of other members of

the ZmPDIL1 gene family. Anti-BiP antibody (ID9) was obtained from

StressGen Biotechnologies (Victoria, British Columbia, Canada). Antibody

raised against a 16-kD g-zein peptide also weakly cross-reacted with maize 27-

kD g-zein proteins (Woo et al., 2001). The a-zeins were detected with

a polyclonal antibody (R166) against the 22-kD class of a-zeins (Fig. 4; Esen,

1988) or an antibody made against a bacterially expressed 22-kD a-zein

peptide (Fig. 6; Woo et al., 2001). Proteins that cross-reacted with antibodies

were detected with chemiluminescent substrates (Pierce, Rockford, IL) and

visualized on x-ray film.

Linear Suc Gradients

Maize ears were harvested 23 DAP. All extractions and centrifugations

were conducted at 4�C in buffer X (50 mM Tris-HCl, pH 8.0; 100 mM KCl; 30 mM

MgCl2; 1 mM EGTA-NaOH; 1 mM EDTA). Mortar and pestle were used to

carefully homogenize 6 g of endosperm tissue in 21 mL of buffer X containing

0.2 M Suc. The homogenate was filtered through two layers of cheesecloth

(Veratec, Walpole, MA) and one layer of Miracloth (Calbiochem, La Jolla, CA).

Equal amounts of the filtrate were layered over two 3-mL pads of buffer X

containing 2 M Suc. After centrifugation at 160g for 10 min, 1 mL of the 0.2 M

Suc supernatant was aspirated and immediately loaded onto Suc density

gradients.

Linear Suc density gradients (10%–60%) in buffer X were prepared in SW40

ultracentrifuge tubes (Beckman Coulter Instruments, Fullerton, CA) using the

BIOCOMP Gradient Maker 107ip (BioComp Instruments, New Brunswick,

Canada) per the manufacturer’s instructions. One milliliter of tissue homo-

genates was applied to the top of the prepared and chilled gradients.

Organelles were then fractionated by centrifugation at 34,000 rpm (SW40

rotor) for 3 h. Following centrifugation, gradients were fractionated using

a BIOCOMP Piston Gradient Fractionator-151 (BioComp Instruments) at

0.2 mm s21 and collected using a Frac-200 fraction collector (Pharmacia

LKB, Uppsala) set to collect 12 drops (approximately 300 mL) per fraction. The

Suc density in every other gradient fraction was determined using 20 mL

on a Milton Roy Abbe-3 L refractometer (Milton Roy, Rochester, NY) to en-

sure gradient quality.

For SDS-PAGE analysis and immunoblotting, 8 mL of sample was in-

cubated at 100�C for 5 min with 2 mL of SDS-PAGE loading buffer (250 mM

Tris, pH 6.8; 500 mM dithiothreitol; 2% [w/v] SDS; 0.5% [w/v] bromphenol

blue; 50% [v/v] glycerol). Samples were then subjected to electrophoresis

through 26-well 4% to 20% gradient Tris-HCl mini-gels (Bio-Rad) at 150V

following a technical step to suppress a band artifact as described in Yokato

et al. (2000). Protein was visualized by silver staining (Bollag et al., 1991).

Immunoblotting and antigen detection were carried out as described by Gruis

et al. (2002) and as described above. Prestained molecular mass protein

standards (Page Ruler; Fermentas, Hanover, MD) were used to determine the

apparent molecular masses of proteins.

Sequence data from this article have been deposited with the EMBL/

GenBank data libraries and are shown in bold in Table I. Accession numbers

for these sequences are AY739306, AY739307, AY739296, AY739297, AY739298,

AY739299, AY739300, AY739301, AY739302, AY739303, AY739304, AY739305,

AY739308, AY739284, AY739285, AY739286, AY739287, AY739295, AY739288,

AY739289, AY739290, AY739291, AY739292, AY739293, and AY739294.
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