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ABSTRACT: FKBP- 12, the major T-cell binding protein for the immunosuppressive agents FK506 and 
rapamycin, catalyzes the interconversion of the cis and trans rotamers of the peptidyl-prolyl amide bond 
of peptide and protein substrates. The function of rotamase activity in cells and the role of FKBP-12 in 
immunoregulation is uncertain. In this paper we report the cloning and characterization of the human 
chromosomal FKBP- 12 gene and four processed FKBP- 12 pseudogenes. The FKBP-12 gene is 24 kilobases 
in length and contains five exons. The protein-coding region of the gene is divided into four exon modules 
that correlate with the structural and functidal domains of the protein. The novel structure of FKBP- 12 
resulting from the topology of the antiparallel @-sheet is the topological crossing of two loops that are encoded 
by separate exons. Separate exons also encode the antiparallel 8-sheet and a-helical region that define the 
drug-binding pocket and enzyme activity site of FKBP-12. The exon organization of the FKBP-12 gene 
also provided insight into the genetic evolution of the immunophilin family. Knowledge of the FKBP- 12 
gene structure will enable inactivation of this gene by homologous recombination in cells to provide a model 
to study the role of FKBP-12 in immunoregulation and normal cellular processes. 

E a r l y  events in T-lymphocyte activation result from the 
stimulation of the T-cell receptor signal transmission pathway 
by a specific antigen (Crabtree, 1989). Immunosuppressive 
agents that specifically inhibit this pathway have been used 
to prevent graft rejection of organ and bone marrow trans- 
plants (Schreiber, 1991). FK506 and CsA are structurally 
unrelated immunosuppressive drugs that block the T-cell re- 
ceptor signal transmission pathway in T-cell activation by 
inhibiting expression of the same set of lymphokine genes, such 

!The nucleotide sequence in this paper has been submitted to GenBank 
under Accession Number 505340. 

0006-2960/91/0430-85 12$02.50/0 

as IL-2 (Tocci et al., 1989; Mattila et al., 1990; Emmel et al., 
1989). Although FK506 and CsA each inhibit T-cell acti- 
vation by a similar mechanism, they bind to distinct and 
abundant T-cell cytoplasmic receptors, termed immunophilins 
(Schreiber, 1991). The CsA-binding protein is cyclophilin 
(Handschumacher, 1984), while the major FK506-binding 
protein in T cells is the 12-kDa cytosolic protein FKBP-12 
(Harding et al., 1989; Siekierka et al., 1989; Fretz et al., 1991). 
Rapamycin, an immunosuppressive agent structurally related 
to FK506 (Schreiber, 1991), also specifically binds to FKB- 
P-12 (Fretz et al., 1991) but inhibits a later stage of T-cell 
activation by blocking the lymphokine receptor signal trans- 
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mission pathway (Tocci et al., 1989; Dumont et al., 1990). 
FKBP- 12 and cyclophilin are also distributed in nonlym- 

phoid cells and are phylogenetically conserved (Siekierka et 
al., 1990; Koletsky et al., 1986), suggesting a fundamental 
biochemical role for these proteins. Both proteins are pep- 
tidyl-prolyl isomerases that catalyze the interconversion of the 
cis and trans rotamers of the peptidyl-prolyl amide bond of 
peptide and protein substrates; this rotamase activity is spe- 
cifically inhibited by their respective immunosuppressive lig- 
ands (Harding et al., 1989; Siekierka et al., 1989; Fischer et 
al., 1989; Takahashi et al., 1989). However, recent evidence 
suggests that inhibition of rotamase activity is an insufficient 
requirement for mediating the immunosuppressive actions of 
these drugs on T-cell activation (Bierer et al., 1990a,b). It 
is speculated that the immunophilin-drug complex functions 
as the biological effector; this complex may interact with 
distinct molecules in the signaling pathways of T-cell activa- 
tion. The biological significance of rotamase activity within 
cells and the precise role of immunophilins in immunoregu- 
lation is uncertain. Also, the mechanisms by which FK506 
and rapamycin inhibit the activity of a common receptor, 
FKBP- 12, yet inhibit different T-cell activation signaling 
pathways remain unclear. The understanding of these events 
is further complicated by the presence of several low-abun- 
dance T-lymphocyte immunophilins that also have affinity for 
FK506 and rapamycin (Fretz et al., 1991). One of these 
proteins has recently been shown to share significant homology 
with FKBP-12 (Jin et al., 1991). 

Inactivation of the FKBP-12 gene by homologous recom- 
bination in T cells will help us understand the role of FKBP-12 
as mediator of the biological actions of FK506 and rapamycin. 
These studies require prior knowledge of the FKBP-12 gene 
structure. We report the characterization of the human 
chromosomal gene encoding FKBP- 12. We used a FKBP- 12 
cDNA probe (Standaert et al., 1990) to screen a genomic 
library to characterize the productive gene as well as four 
processed FKBP- 12 pseudogenes. The human FKBP- 12 gene 
is 24 kilobases (kb) in length and contains five exons. An 
unusual feature of this gene is the presence of an intron in the 
3’-untranslated region. The remaining introns split the gene 
into exon modules that correlate with the drug-binding and 
novel loopcrossing domains of the FKBP- 12 protein (Michnick 
et al., 1991; Van Duyne et al., 1991; Moore et al., 1991; Rosen 
et al., 1991). The exon organization of the FKBP-12 gene also 
provides insight into the genetic evolution of the immunophilin 
family. 

MATERIALS AND METHODS 
Southern Analysis. Restriction enzyme digests of human 

genomic DNA were electrophoresed on agarose gels and 
transferred to nitrocellulose filters. 32P-labeled FKBP- 12 
cDNA was hybridized to DNA transfers as described (DiLella 
et al., 1990). After hybridization, the transfer membranes 
were washed at 68 “C in 0.5X SSC (1X SSC = 0.15 M NaCl 
and 15 mM sodium citrate, pH 7). 

Cloning of the Human FKBP-12 Gene. A human genomic 
DNA library constructed in bacteriophage EMBL-3 was 
purchased from Clontech Laboratory. Screening of the library 
with 32P-labeled FKBP- 12 cDNA and restriction enzyme 
mapping of clones were carried out as described (DiLella et 
al., 1990). 

Nucleotide Sequencing. Restriction fragments that hy- 
bridized to the FKBP cDNA probe were subcloned from the 
bacteriophage clones. Sequence data were generated from 
subclones by the dideoxy chain-termination method (Sanger 
et al., 1977) using synthetic oligonucleotide primers corre- 
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FIGURE 1 : Southern hybridization analysis of genomic DNA. Genomic 
DNA was digested with EcoRI and hybridized to the FKBP-12 cDNA 
probe under stringent conditions. The hashed and open boxes in 
FKBP-12 cDNA (Standaert et al., 1990) represent the coding and 
untranslated regions, respectively. 

sponding to various regions of FKBP- 12 cDNA and derived 
DNA sequences. 

Nucleotide Sequence Analysis. The University of Wisconsin 
GCG programs (Devereux et al., 1984) were used to search 
for homologous sequences and align the sequences of the 
FKBP-12 gene with related pseudogenes. 

RJWLTS 
Figure 1 shows a Southern blot hybridization analysis of 

EcoRI-digested human genomic DNA using a 580-bp FKB- 
P-12 cDNA probe. The hybridization pattern may be ex- 
plained either by the presence of multiple exons or by the 
presence of related genes or pseudogenes in the human genome. 
In contrast, Southern analysis carried out with a cyclophilin 
cDNA probe demonstrated more than 20 copies of genomic 
sequences homologous to cyclophilin (A. G. DiLella, unpub- 
lished results; Maki et al., 1990). The single-copy gene en- 
coding the major T-cell form of cyclophilin, numerous pro- 
cessed cyclophilin pseudogenes, and genes encoding cyclophilin 
isoforms contribute to the genomic complexity of cyclophilin 
(Haendler & Hofer, 1990; Price et al., 1991; Levy et al., 1991). 
To determine the genomic complexity of FKBP- 12, we 
screened a human genomic DNA library under low stringency 
using the FKBP-12 cDNA probe. Three overlapping recom- 
binant clones spanning 34 kb were first analyzed (Figure 2A). 
Restriction enzyme mapping and hybridization of clones to 
the cDNA probe established the 5’-3‘ orientation of the clones. 

To establish the detailed structure of the FKBP-12 gene, 
we focused our analysis on two hybridizing fragments of the 
gene (Figure 2A). Fragment I (derived from X211) and 
fragment I1 (derived from X910) were subcloned for sequence 
analysis. The exon-intron boundaries were defined by se- 
quencing the appropriate regions of these subcloned genomic 
DNA fragments (Figure 2B) and aligning them with an 
FKBP- 12 cDNA sequence that closely approximates the size 
of the corresponding mRNA detected in T cells (Maki et al., 
1990). On the basis of comparison with the cDNA, the 
FKBP- 12 chromosomal gene contained the 69 nucleotides of 
the 5’-untranslated region, 324 nucleotides of the protein-co- 
ding region, and the 1 120-nucleotide 3’-untranslated region. 
The only difference we observed between the FKBP-12 
chromosomal gene and cDNA sequences were G to A and T 
to C nucleotide polymorphisms in the 3’-untranslated region, 
corresponding to cDNA nucleotide positions 407 and 573, 
respectively. The detailed structure of the FKBP- 12 gene is 
shown at the bottom of Figure 2A. The gene contained five 
exons and four introns that span about 24 kb. Clones A211 
and A228 overlapped within intron 2. Restriction enzyme 
analysis of fragments derived from the overlapping regions of 
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FIGURE 2: Physical map of the human FKBP-12 gene and related 
pseudogenes. (A) The map of three overlapping genomic DNA inserts 
from X clones that were used to characterize the gene are shown. The 
fragments used for DNA sequence analysis are labelled I and 11. The 
detailed structure of the FKBP-12 gene in the 5’to 3’orientation is 
shown (bottom). Exons and introns are denoted by solid and open 
boxes, respectively. (B) Sequencing strategy used to determine the 
exon-intron junctions of the gene. Fragments I and I1 were subcloned 
for sequence analysis. The arrows indicate the direction of sequencing 
for each fragment with exon- and intron-specific synthetic oligo- 
nucleotide primers. (C) The maps of four genomic inserts derived 
from X clones that were used to characterize the FKBP-12 pseudogenes 
are shown. The fragments used for DNA sequence analysis are 
labelled 111-VI. The precise location of the pseudogenes within these 
fragments were not determined. Restriction enzyme abbreviations: 
E, EcoR1; X, Xhol; Pv, PVuII; Nc, NcoI; Sm, SmaI; Bg, BglII. 

these clones established the extent of overlap and ruled out 
the possibility of any gaps between these clones (data not 
shown). 

Introns 1-3 divide the protein-coding portion of the FKB- 
P-12 gene (Figure 3). Exon 1 (109 bp) contained the entire 
5’-untranslated region reported for the cDNA. The 3’-un- 
translated region is interrupted by intron 4, such that exon 4 
contains 126 bp of protein-coding sequence, the termination 
codon, and 36 bp of 3’-untranslated sequences. The most 3’ 
exon (exon 5, Figure 3) is 1085 bp and contains the remaining 
portion of the 3’-untranslated region. The polyadenylation site 
(Figure 3, arrow) was inferred from the FKBP-12 cDNA clone 
and is preceded 13 bases by the common polyadenylation signal 
AATAAA. Figure 3 also shows the limited sequences at the 
5’ and 3’ boundaries of each intron. The exon-intron 
boundaries were consistent with established consensus splice 
sites (Mount, 1982). In addition, we observed two clusters 
of exons containing the peptide-coding region of the gene: (1) 
exons 1 and 2 are contained in 257 bp at the 5’ end and (2) 
exons 3 and 4 are contained in 3.3 kb at the 3’ end. The two 
exon clusters are separated by a large intron of 16 kb. 

Four additional genomic clones isolated from the same li- 
brary were found to be distinct on the basis of restriction 
enzyme mapping (Figure 2C). EcoRI fragments 111, IV, V, 
and VI that hybridized to the FKBP-12 cDNA probe were 
derived from A21 0, X222, A5 12, and X223, respectively, and 
were subcloned for sequence analysis. Figure 4 shows a 5’- 
and 3’-end sequence comparison of these clones with the 
FKBP-12 gene. The clones contained sequences that were 
highly homologous to the FKBP-12 cDNA but lacked the 
introns characteristic of the FKBP-12 gene. Comparison of 
the FKBP- 12 open reading frame with the corresponding se- 
quences of the related genes demonstrated that h210, X222, 
X223, and A512 contained altered reading frames and pre- 
mature stop codons due to insertions, deletions, and point 
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FIGURE 3: Exon-intron junctions of the FKBP-12 gene. Nucleotide 
sequences of the exons and exon-intron junctions were determined 
from genomic subclones. Intron junctions were positioned by applying 
the gtag splice rule (Mount, 1982). The numbers shown at the splice 
junctions denote the positions of the corresponding amino acid codons 
interrupted by introns 1-3 and 3’ untranslated nucleotides interrupted 
by intron 4, as deduced from the cDNA sequence. The polyadenylation 
signal is underlined and the polyadenylation site is indicated by an 
arrow. 

mutations (Figure 4A). Such modifications preclude the 
coding of a functional FKBP-12 protein. In addition, the 
homology between the FKBP-12 gene and related X210, X222, 
and A512 clones ceased near the points corresponding to the 
5’ and 3’ ends of the FKBP-12 cDNA, and these boundaries 
were flanked by direct repeats in the related genes (Figure 
4A,B). Sequences in the corresponding regions of A223 were 
not determined. The data demonstrated that X210, X222, 
X223, and A5 12 contained processed FKBP- 12 pseudogenes 
(Vanin, 1984; Wagner, 1986). 

The solution structure of human FKBP-12 (Michnick et al., 
1991) and the crystal structure of the human FKBP-12/ 
FK506 complex (Van Duyne et al., 1991) were recently de- 
termined. Figure 5 shows the a-carbon backbone of the 
FKBP-12 protein and indicates the intron positions in relation 
to the protein domains. The structure of FKBP-12 is char- 
acterized by a large amphiphilic @-sheet composed of five 
antiparallel strands with +3, +I ,  -3, +1 loop connectivity 
(Michnick et al., 1991). @-strands 1-5 of the sheet are com- 
posed of amino acid residues 1-8, 21-30, 47-50, 72-78, and 
97-108, respectively. An a-helix composed of residues 60-66 
is connected to the fifth and second P-strands of the sheet by 
two loops. The intron positions marked turns in the FKBP-12 
structure that defined domain boundaries of the protein, each 
containing one or two @-strand and a-helical elements. The 
exons encoding these elements were observed to be as follows: 
exon 1 encodes @-strand 1, exon 2 encodes @-strand 4, exon 
3 encodes @-strand 5 and the a-helix, and exon 4 encodes 
@-strands 2 and 3. A unique feature of FKBP-12 resulting 
from the topology of the @-sheet is a topological crossing of 
the loops Ser9-Gly” and L e ~ ~ ~ - G l n ’ ~  (Michnick et al., 1991), 
corresponding to the positions of introns 1 and 3, respectively. 
In addition, the P-sheet of FKBP-12 has a right-handed twist 
that wraps around the a-helical region to form a shallow 
hydrophobic core where the rotamase activity and drug-binding 
site reside (Van Duyne et al., 1991). The a-helical domain 
that serves as the FK506-binding platform is encoded by exon 
3. Residues 37-43 that form a positive-charged loop at the 
open end of the binding pocket are also contained in this 
domain and are thought to be involved in the biological activity 
of FKBP-12. Hence, distinct exons encode amino acids that 
specify the function and unique conformation of FKBP- 12. 

DISCUSSION 
We determined the structural organization of the human 

chromosomal FKBP- 12 gene by characterizing X clones con- 
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B) 3’-Analysis 
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FIGURE 4: Sequence comparison of the FKBP-12 gene with four processed pseudogenes. The regions of the FKBP-12 gene used for 5’-analysis 
(A) and 3’-analysis (B) are indicated by brackets at the bottom. The hashed and open boxes in the FKBP-12 gene represent the coding and 
untranslated cDNA regions, respectively; the solid lines represent the 5’ and 3’ genomic sequences derived from the flanking regions of the 
FKBP- I2 gene. The sequences representing the FKBP- 12 gene are indicated in full and are compared to the corresponding pseudogene sequences 
derived from X210, X222, X223, and X5 12. Conserved nucleotides are indicated with (-) and gaps are marked (...). The complete open reading 
frame is underlined in the FKBP-12 gene sequence and the start and stop codons are double underlined in (A). Arrows indicate the boundaries 
of the FKBP-12 cDNA sequence. The direct repeats flanking the pseudogenes are also underlined. 

taining 34 kb of contiguous genomic DNA from the corre- 
sponding genetic locus. In addition, four processed FKBP-12 
pseudogenes were identified. It appeared that the restriction 
fragments detected by Southern blotting of genomic DNA 
using the FKBP- 12 cDNA as probe are represented in the X 
clones, suggesting that there is a single-copy gene coding for 
FKBP- 12. Although FKBP- 12 is suggested to be the cOmmon 
immunophilin responsible for buffering the actions of FK506 
and rapamycin in T cells, several lower abundance human 
T-cell immunophilins that have affinity for FK506 and ra- 
pamycin exist (Fretz et al., 1991). One of these immuno- 
philins, FKBP-13, is a 13-kDa protein that has 51% nucleotide 
sequence identity and 43% amino acid sequence identity to 
FKBP-12 (Jin et al., 1991), suggesting that these two proteins 

evolved from a common ancestral gene. Virtually all of the 
homology between these proteins resides within the C-terminal 
region, corresponding to residues 26-108 in FKBP-12. It has 
been reported that this region of FKBP-12 is involved in drug 
binding and rotamase activity (Van Duyne et al., 1991) and 
is encoded by exons 3 and 4. It is interesting that no significant 
homology exists between the two proteins in the region cor- 
responding to the N-terminal26 amino acids of FKBP-12. For 
FKBP- 12, this nonhomologous region is encoded by exons 1 
and 2, which are clustered at the 5’ end of the gene (Figure 
2A). There is evidence that introns function in gene assembly 
(Dorit et al., 1990). It is possible that the N-terminal regions 
of FKBP- 12 and FKBP- 13 may have arisen by recruitment 
of unrelated exons carrying functional or structural domains. 
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FIGURE 5:  FKBP-12 protein structure showing the location of introns that interrupt the corresponding coding sequences in the gene. The a-carbon 
trace of the FKBP-12 structure, as previously determined (Michnick et al., 1991; Moore et al., 1991), is shown. Numbered residues indicate 
the intron positions relative to the protein structure. 

The large 16-kb intron detected in the region of the FKBP-12 
gene separating exons 1 and 2 from the downstream coding 
exons could be a vestige of genetic reorganization, which would 
also involve the recruitment of signals that might be involved 
in the transcriptional regulation of these genes. The obser- 
vation that an FKBP-12-like protein in the bacterium Neisseria 
meningitidis also lacks significant homology with the N-ter- 
minal region of human FKBP- 12 (Standaert et al., 1990) lends 
support to this hypothesis. Future comparison of the exon 
organization of FKBP- 13 and other human FK506-binding 
immunophilins with the FKBP-12 gene will provide insight 
into the evolution and structure/function relationships of this 
protein family. 

It is viewed that genes are assembled by exon building blocks 
that code for functional domains, folding regions, or structural 
elements within proteins (Dorit et a]., 1990). However, this 
does not seem to apply to all cases (Young & Sylvester, 1989). 
To determine the case for the FKBP-12 gene, we compared 
the boundaries of each coding exon in the gene to the domains 
of the protein. Correlations between the structural and 
functional domains of the FKBP-12 protein and the location 
of introns were striking. FKBP- 12 structure and function 
seems to be assembled from discrete exon-coded peptides; 
intron positions are not random. The structure of FKBP-12 
reveals a unique topological feature that results in the crossing 
of two loops that connect four strands of a five-stranded an- 
tiparallel &sheet (Michnick et al., 1991). Loop crossings were 
thought to be prevented in antiparallel &sheets due to diffi- 
culties in efficient side-chain packing and were previously 
unobserved (Michnick et al., 1991). For FKBP-12, the unique 
loop crossing feature is stabilized by a number of backbone- 
backbone and backbone-side chain hydrogen bonds and van 
der Waals contacts (Michnick et al., 1991). It is interesting 
that one loop is encoded by exons 1 and 2 at the 5’ end of the 
gene and the other loop is encoded by exons 3 and 4 at the 

3’ end, suggesting that intron 2 mediated an exon shuffling 
event to yield this unique topology. Furthermore, exons 1 and 
2 encode the N-terminal region that is divergent in FKBP-12 
and FKBP-13. It will be interesting to determine whether 
exons in other FKBP-12-related genes encode amino acid 
residues that form and help stabilize this unique topology. 

FKBP-12 and cyclophilin are functionally related proteins 
that possess rotamase activity and bind drugs that prevent 
T-cell activation by inhibiting similar signaling pathways. 
FKBP- 12 is distinct from cyclophilin on the basis of differences 
in immunosuppressant binding specificity, size, and amino acid 
sequence. However, a region of similarity between FKBP- 12 
and cyclophilin was recently suggested. Wiederrecht et al. 
(1  991) showed that FKBP-12 reveals two regions ( T ~ 9 ” P h e ~ ~  
and MeP7-Glys4) that, when combined, are conserved with 
respect to a single region (Tyr4’?-G1y8O) in cyclophilin. The 
respective regions are highly conserved in divergent species. 
Consensus amino acid sequences pertaining to these regions 
were generated from homologues of FKBP- 12 and cyclophilin 
and were aligned by Wiederrecht et al. (1991) as follows: 

exon 4 exon 3 
t- 

FKBP-12 YTGX-LEDG-KWMSV-GERAK--LTIPPXXAYG I I :  1 1 :  I :  : 1 : 1 1  
cyclophilin YKGSXFERIIPGFMCQGGDFTRHNG GGK-SIYG 

exon 4 
t 

exon 3 

Residues in boldface type represent absolute identity among 
the homologues of FKBP- 12 and cyclophilin, X represents no 
conservation, dashes represent gaps introduced to align the 
sequences, vertical bars mark identity between residues, and 
colons represent a conserved change between the sequences. 
The exon organization of the human FKBP- 12 (Figure 2) and 
cyclophilin (Haendler & Hofer, 1990) genes correlate with 
this conservation. The arrows in the sequence alignment in- 
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dicate intron positions relative to FKBP-12 and cyclophilin 
proteins. These introns interupt exons 3 and 4 for both the 
FKBP-12 and cyclophilin genes at  approximately the same 
position in the corresponding protein sequences. The three 
residue length variation at the positions of the two introns may 
result from splice junction sliding (Craik et al., 1983). The 
fact that there is not only a conserved region within FKBP-12 
and cyclophilin but also an apparently conserved exon-intron 
boundary in the genes coding for these regions suggests that 
these domains evolved from a common ancestral protein and 
may play a role in catalysis. 

The natural ligands of the immunophilins are not known; 
hence, the biological significance of rotamase activity within 
cells and the precise role of these proteins in immunoregulation 
is uncertain. Having established the molecular structure of 
the FKBP-12 gene, these important issues can now be ad- 
dressed by inactivation of the FKBP-12 gene by homologous 
recombination in cells. The Jurkat T-cell line provides a model 
system for this study since requirements for lymphokine ex- 
pression appear to be similar to those in primary T cells (Weiss 
& Imboden, 1987). Such studies are in progress. 
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