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ABSTRACT. The receptors for the immunosuppression drugs FK506
and rapamycin are called FKBPs (FK506-binding proteins). FKBPs
comprise a large family; they are found in many species, including
bacteria, fungi, animals, and plants. As a class of peptidyl-prolyl cis-
trans isomerase enzymes, the FKBP genes have been the focus of
recent studies on plant stress tolerance and immunology. We identified
and analyzed gene families encoding these proteins in maize using
computational and molecular biology approaches. Thirty genes were
found to encode putative FKBPs according to their FK506-binding
domain. The FKBP genes can be classified into single domain and
multiple domain members based on the number of the domains. By
analysis of the physical locations, the 30 FKBP genes were found to
be widely distributed on 10 chromosomes. After analysis of the FKBP
phylogenetic tree in the maize genome, we found that the 30 genes
revealed two major clades. Gene duplication played a major role in
the evolution of FKBP genes, which suggests that the FKBP genes in
maize have a pattern significantly different from that of these genes in
rice. Based on semi-quantitative RT-PCR, we found that the 30 FKBPs
were expressed differently in various tissues in maize, which suggests
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that FKBP genes play different roles in each tissue. Several FKBPs
were expressed at higher levels in roots, indicating that these genes in
maize may have similar or overlapping functions.
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INTRODUCTION

FK506 is a macrolide immunosuppressant composed of 23 rings. Proteins that can
bind it are called FK506-binding proteins (FKBPs). This is a class of highly homologous
receptor-binding proteins that are widely present in all organisms, including bacteria, fungi,
animals, and plants. FKBPs are mainly divided according to molecular weight difference, such
as FKBP12, FKBP15, FKBP22, FKBPS55, and so on. As cellular receptors for the immuno-
suppressant drug ligands FK506 and rapamycin (Siekierka et al., 1989; Harding et al., 1989),
FKBPs can catalyze the cis to trans configuration of the N-terminal peptide bond of proline
residues in peptide or protein substrates, and consequently the FKBPs have peptidyl-prolyl
cis-trans isomerase (PPlase) activity (Fischer et al., 1989; Harding et al., 1989), which may
be involved in protein folding processes (Brillantes et al., 1994). In many plants, FKBP genes
have been found to be vital for regulating normal growth and development, for coping with
stress conditions and fundamental considerations for modern cereal farming. Other findings
suggest that FKBP genes can operate as molecular chaperones (Hartl et al., 2002). All of these
points suggest that these proteins participate in important cellular processes. Consequently,
FKBP genes have been the focus in plant-related subject areas.

FKBPs have been characterized by the FKBP signature residues that form the binding
pocket for FK506 or rapamycin (Schreiber, 1991), and the FKBP signature is derived from the
available structures of the FKBP12 protein (Michnick et al., 1991; Van Duyne et al., 1991).
It was found that the residues required for binding the drug are highly conserved, and the
conserved binding site is therefore used as the signature for the FKBP protein identification,
which is called the FK506-binding domain (FKBd). Structure analysis of FKBPs has shown
that they are composed of at least one FKBd, which forms a highly conserved structure (Galat,
2000). The size of the FKBPs vary significantly, ranging from single-domain (SD) isoforms
comprising a single FKBd, to large (>100 kDa) complex multi-domain (MD) proteins (Galat,
2003; Rulten et al., 2006). The most typical SD isoform is FKBP12, which only has 110 amino
acids. In maize, FKBP12 binds rapamycin (Agredano-Moreno et al., 2007), forming a com-
plex that inhibits the “target of rapamycin” (TOR) kinase, which can powerfully regulate the
germination and the development of the plant (Marivet et al., 1995). Every FKBP has a high
sensitivity for different substrates with differences up to a thousand times, showing substrate
selectivity. These features imply that PPlase activity of FKBPs plays an important role in the
cell. Recently, many studies have begun to examine the function of FKBPs in plants. For ex-
ample, the disruption of AtFKBP42 gene function causes developmental defect (Kamphausen
et al., 2002). Another study has shown that a chloroplast FKBP can interact with a photosyn-
thetic electron carrier, which affects the accumulation of the protein (Gupta et al., 2002). As in
animals, different members of FKBPs appear to play different roles in plants.

In recent years, studies have carried out several valuable functional characterizations
of individual plant FKBPs, but the identification and analyses of all FKBPs have only been in
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Arabidopsis (He et al., 2004; Romano et al., 2005) and Oryza sativa (rice) (Gollan and Bhave,
2010) genomes, which have revealed the true size and character of the FKBP family in higher
plants. Bioinformatics have opened up new and highly efficient analysis and research ap-
proaches (Staskawicz et al., 1995), and can be used to conduct a comprehensive and complete
analysis of the basic data of the whole genome with regard to FKBP genes, which play an
important role in large-scale gene isolation, gene functional annotation and functional genom-
ics studies. Zea mays L. (maize) is the most widely cultivated plant in the world, which also
provides a model genome for molecular study. Therefore, we took advantage of the sequenced
genome of the Zea mays L. (maize) and selected bioinformatics applications to perform a ge-
nome analysis of the entire FKBP family of maize.

MATERIAL AND METHODS

The genome of maize

In this study, the complete genome sequence of maize was searched in the maize ge-
nome website (http://www.maizesequence.org/index.html).

Identification of FKBP genes and sequence analysis

The key word “fkbp” was used to search for the FKBP genes in NCBI, and through
the Pfam database, we then obtained the conserved sequence of the FKBd-c domain. The Hid-
den Markov model profile of the FKBd-c domain was used as a query in BLASTP searches
for possible homologs in maize genome databases. The threshold expectation value was set to
1073, a value determined empirically to filter out most of the spurious hits. This step was crucial
to find the maximum number of candidate genes. By using the Pfam database (Protein family)
(http://pfam.janelia.org), we analyzed all the candidate gene sequences to remove genes that
did not contain a FKBd-c domain. We then aligned the sequences using the ClustalW software
(Thompson et al., 1994).

The molecular weights and isoelectric points (pl) of putative FKBPs were predicted
using the Compute pI/MW Tool at the Expert Protein Analysis System (ExPAsy) site (http://
au.expasy.org/tools/pi_tool.html).

Physical locations of FKBP genes

The physical locations of all regular FKBP genes were confirmed by tBLASTn (P
value = 0.001) search using a local database of complete Zea mays L. genome sequences of
each chromosome. Afterwards, the Genome Pixelizer software (http://www.niblrrs.ucdavis.
edu/GenomePixelizer/GenomePixelizer Welcome.html) was used for a graphic portrayal of
FKBP genes of maize.

Phylogenetic tree construction

Multiple amino acid sequence alignments of the maize FKBP genes were performed
using the ClustalW software. In order to analyze the evolutionary relationship of the FKBP
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genes in maize, we constructed the phylogenetic tree using the bootstrap neighbor-joining
(NJ) method (1000 bootstrap replicates) with a Kimura 2-parameter model by MEGA 3.1
(http://www.megasoftware.net/).

In order to analyze the evolutionary relationships of the FKBP genes between differ-
ent plants, we compared the FKBPs in maize and rice. We obtained the 29 FKBP sequences
of rice according to Gollan and Bhave (2010). Along with the 30 FKBPs in maize, there were
59 FKBPs in all for construction of the phylogenetic tree. Multiple alignments of 59 amino
acid sequences were performed using ClustalX with default options. Phylogenetic trees were
constructed based on the alignment by Clustalx1.81.

Semi-quantitative RT-PCR analysis

The maize seeds of B73 were germinated on plastic plates, and the plants were then
transferred to a nutrient solution at 28°C in a culture room under a 16-h light and 8-h dark
photoperiod.

Total RNAs were extracted from various tissues (leaves, stems and roots) using
the RNAiso reagent (Tiandz Biotechnology) according to manufacturer instructions. First-
strand cDNAs were generated from the RNA with the Access RT-PCR system (Promega,
USA). The gene-specific primers used for ZmFKBPs were designed to examine the expres-
sion patterns of FKBP genes. The expression of the actin gene was used as an internal con-
trol to normalize the variation in the quality of RNA between different reactions. PCR was
performed using Taq polymerase (Tiandz Biotechnology) on a thermal cycler (Tpersonal 48;
Biometra, Germany). The RT-PCRs were repeated three times and consistent results were
obtained.

RESULTS
Identification and nomenclature of FKBP genes in maize

In order to identify the FKBP genes, we checked the sequenced genome of maize
for these genes using the multiple methods described above; 44 FKBP genes were identi-
fied in the maize genome. After removal of overlapping sequences, we finally obtained 30
distinct loci encoding putative FKBPs containing the characteristic FKBd (Table 1). These
genes were then analyzed using the Pfam database; the results showed that the 30 genes
all contained highly conserved FKBds. Finally, we checked the FKBds in each of the gene
sequences manually. FKBd analysis categorized these FKBPs into single and multiple do-
main genes.

In this study, the nomenclature also adopted the rules that are rather consistent in
previously published FKBPs in animals and plants. The proteins are designated FKBP with
the prefix letters “Zm” and a suffix number. The suffix numbers are labeled according to
their orthology with reported isoforms in Oryza sativa (rice), rather than solely based on
their estimated molecular weights. In some cases, the similarities in domain structures and
pl were also considered, for example, the putative FKBP denoted as ‘ZmFKBP13’ from
maize showing the highest amino acid identity with OsFKBP13, despite its predicted mo-
lecular mass being 22 kDa (Table 1).
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Chromosomal locations and genomic duplications of maize FKBP genes

In maize, FKBP genes were widely distributed on 10 chromosomes from chromosome
1 to chromosome 10 (Figure 1). Chromosomes 1 and 5 had the largest number of FKBP genes
(7), and chromosome 7 had 4 FKBP genes. On chromosomes 2 and 4, there were 3 FKBP
genes, respectively, chromosome 9 had 2, and the rest only had 1. According to the definition
of gene cluster, there are three or more genes in the same chromosome and the neighboring
regions are less than 200 kb (Holub, 2001). From the physical location map (Figure 1), there
are 14 genes in 3 gene clusters, and other genes were rather equally distributed on each chro-
mosome. According to He et al. (2004), the gene cluster of the FKBPs in Arabidopsis is not
obvious, which suggests that maize showed a significantly different pattern from Arabidopsis
and other plants. In the evolution of maize, the FKBP gene may have arisen from gene dupli-
cation and recombination.

Zmb Zm1 Zm2 Zm3 Zm4 Zms Zm6 Zm7 Zm3 Zm?% Zm10

zmfkbpl 7-2b zmfkbpl 6-4

anfkbpto
Zmikbp6s
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Figure 1. Physical locations of FKBP genes in maize.

According to the definition of gene duplication: 1) in a relatively long genome,
more than 70% of the nucleotide sequence is arranged, and 2) the similarity of the
nucleotide sequence in the arranged area is more than 70% (Zhou et al., 2004). In maize,
there were 18 genes produced by gene duplication, which accounted for 60% of the to-
tal ZmFKBPs. In addition, one ZmFKBP possibly resembled several other ZmFKBPs,
for example, ZmFKBP62 was gene duplicated from ZmFKBP64a, ZmFKBP64b and
ZmFKBP16-1. This showed that most of the ZmFKBPs were generated from gene du-
plication and that large-scale gene duplication occurred during genome evolution. The
results showed that gene duplication plays an important role in the quantitative expan-
sion of the FKBP genes.
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Phylogenetic analysis of the FKBP genes in maize

To analyze phylogenetic relationships of the FKBP genes among maize, phylogenetic
tree were constructed based on the alignments of ZmFKBP protein sequences (Figure 2).
Because of the highly conserved amino acid sequences of the FKBP genes and the region con-
taining similar motifs, the neighbor-joining method of the MEGA 3.1 software was adopted to
construct the phylogenetic trees for the 30 FKBPs in maize.

From the phylogenetic tree (Figure 2), the FKBP genes in maize showed high se-
quence similarity between the members of the all family. The tree showed the FKBP genes
distributed in two distinct clades, and the members in each clade various showed more signifi-
cant similarity. In addition, the overall sequence similarity between the members showed some
differences. Most of the FKBP genes had a near relationship, tending to cluster in one branch,
but also several genes had a relatively distant relationship and distributed in one branch (Fig-
ure 2), which suggests that the evolution of the FKBP genes in maize is complex.

100 ImFKBP15-1b
100 ImFKBP15-1a
ImFKBP15-2a
3 100 ImFKBP15-2b
ImFKBP53
3 “-‘J:E ImFKBP27
10 ImFIKBP49
ImFKBP13
3 7o ImFKBP16-2b
s I—
77 ImFKBP21
0 — ImFKBP19
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100 ImFKBP12b
98 ——— ImFKBP16-4
3L ImFKBP16-3
84 ImFKBP22
ImFKBP17-1
- ImFKBP18
) p— =47
100 ImFKBP17-2b
ImFKBP42
ImFKBP20
ImFKBPT2
B ImFKBPES
62 ImFKBP75
100 ZmFKBP16-1
62 = ZmFKBPB4b
S, I—L
& ImFKBPE2

Figure 2. Phylogenetic analyses of the FKBP genes in the maize genome.
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Evolutionary analysis comparative of the FKBP genes between maize and rice

In order to analyze the evolutionary relationships of the FKBP genes in different spe-
cies, the FKBPs in maize and rice were compared, and the phylogenetic tree was constructed
based on the alignments of ZmFKBP and OsFKBP protein sequences. The tree shows mul-
tiple smaller branches but few big branches, which was very different from maize. From
the tree (Figure 3), we can see not only the contact between maize and the rice, but also an
obvious difference. For almost every FKBP gene in rice, there was one or more correspond-
ing ZmFKBPs showing the highest sequence similarity (Figure 3), thereby indicating that the
FKBPs in maize and rice have high homology. In maize, the number of the FKBPs is more
than in rice, so it appears that several ZmFKBPs correspond to other ZmFKBPs, but not
OsFKBPs, and this may be due to the gene duplication in maize. This also indicates that the
evolution of the FKBPs in maize is more complex.

1B

Figure 3. Phylogenetic analyses of the FKBP genes in the maize and rice genomes.
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Expression of FKBP genes

The expression of the FKBP genes was examined by RT-PCR. RT-PCR analysis in-
dicated that all 30 FKBP genes were expressed in maize plants. The expression patterns of
the genes are shown in Figure 4. The genes were expressed in different tissues including
roots, stems and leaves, but expression was detected at different levels. From the figure we
can clearly see the different expression patterns; the expression of several genes was higher
in both leaves and stems compared to roots, such as ZmFKBP18 and ZmFKBP19. There
were some special genes that only expressed in one or two tissues and not expressed in the
second or third tissue. A special gene, ZmFKBP17-2a, appeared to be only expressed in roots,
implicating ZmFKBP17-2a in further specific functions. Moreover, for some close relation-
ship genes, they showed complementary gene expression patterns, such as ZmFKBP64a and
ZmFKBP64b. All of the results suggest that the 30 FKBP genes are expressed in every tissue
of maize but at different levels. This expression pattern provides an important basis for further
study of the roles and function of the FKBP genes.

1 2 3
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Figure 4. Electrophoresis of FKBP RT-PCR products. Lane 1 = FKBP gene in leaves; lane 2 = FKBP gene in roots;
lane 3 = FKBP gene in stems, and ZmAct was used as a template control.

DISCUSSION

The FK506- and rapamycin-binding proteins are abbreviated as FKBPs. FKBPs have
been identified in all organisms examined, including bacteria, fungi, animals, and plants (Sch-
reiber, 1991; Fruman et al., 1994; Luan, 1998), and they have been extensively studied and
described in other species. In this study, we analyzed the sequence of the Zea mays L. (maize)
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genome and revealed 30 FKBP genes, which comprise the largest FKBP family so far reported.
For example, the yeast genome contains 4 genes for FKBPs (Heitman et al., 1991), and the
human genome contains 18 FKBPs (Uchida et al., 1999). The large number of genes for im-
munophilins in plants indicates a diverse array of functions served by these proteins, while this
may alsoreflect a significant degree of functional redundancy among the genes. Among plants,
maize also contains a larger number than others, where this may be due to the frequency of the
FKBP gene duplications in maize. The origin of FKBP genes, formation of gene families and
the multiplicity of gene expression can be understood by analyzing gene duplication mecha-
nisms. In maize, gene duplication analysis shows that at least 18 FKBPs occurring as dupli-
cates in 30 maize FKBP families, the ratio of gene duplications was very high. However, in
Arabidopsis, the studies reported there were only 4 duplicated genes of the 23 AtFKBPs (He et
al., 2004), which were less than the maize. Not only the numbers but also the gene duplications
in maize were all significantly increased compared to other plants. Therefore, the evolutionary
patterns in Zea mays L. were special, which was likely the result of gene duplication events.

Immunophilins consistof a very diverse group of proteins and may have very different
origins during genome evolution. Studies in maize report an uneven chromosomal distribution
of FKBP genes, and the majority of the genes have been found in clusters, which may be due
to the high frequency of gene duplication. The FKBP genes of maize were widely distributed
on 10 chromosomes, and the distribution showed great differences, where chromosome 1 and
5 contained the maximum number, which revealed the important role of the two chromosomes
in the evolution of FKBP genes. In the maize 30 FKBP genes, 60% fell in clusters; however,
there were no obvious clusters in the Arabidopsis genome. This result indicated that gene du-
plication played an important role in gene expansion.

Based on the analysis of the phylogenetic trees of the FKBP genes, the maize se-
quences showed two major clades, which was different from rice. Rice sequences exhibited no
notable clustering, rather giving rise to several small branches, which may due to its different
structure. Furthermore, the gene had high homology, often distributed in one branch, which
was very similar to maize. Therefore, we infer that the two monocotyledons have similarities
in evolution, and that they may have an analogous mode of selection and evolution. Despite
strong homology, the number of the genes and the chromosomal locations in maize are dif-
ferent compared to rice. These differences may reflect different kinds of ancient duplication,
which also demonstrate that FKBPs in maize comprise an extraordinary family.

The transcript levels were much lower in roots as compared to those in the green tis-
sues (leaves and stems) in Arabidopsis, according to Luan et al. (2004). In our study, FKBPs
expressed in every tissue of maize, but their expression does not follow obvious rules, which
means every tissue has its strongest expressed gene in maize. This result may be due to dif-
ferent environmental factors and different tissues used for the expression of these genes in
this study. We found that ZmFKBP16-2b, ZmFKBP16-3 and ZmFKBP42 were all expressed
higher in roots, indicating that these three genes in maize may have similar or overlapping
functions. The data presented here indicate that the expression intensity of the 30 FKBP genes
was different in every tissue, so every FKBP plays different roles in each tissue.
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