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Organization and function of the FKBP52 and FKBP51 genes
Donna L Cioffi1, Tina R Hubler2 and Jonathan G Scammell3
Best established as components of steroid hormone receptor

complexes, it is now clear that the large molecular weight

immunophilins, FKBP52 and FKBP51, play important

regulatory roles elsewhere in the cell. This review outlines what

is known about the organization of the genes, FKBP4 and

FKBP5, respectively, encoding these proteins and describes

their diverse actions in the nervous system, reproduction, and

cancer. The organization of FKBP4 and FKBP5 is very similar

among the chordates, and gene expression is influenced by

both genetic and epigenetic mechanisms. Recent studies

identifying roles of FKBP52 and FKBP51 in the regulation of the

microtubule-associated protein tau and microtubule assembly

are discussed, as is their interaction with and influence on the

transient receptor potential canonical (TRPC) subfamily of ion

channel proteins.
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Introduction
The FK506-binding proteins (FKBPs) are members of a

large superfamily of peptidyl-prolyl isomerases (PPIase)

that are widely distributed in nature and have diverse

functions [1]. Some FKBPs, including FKBP52 and

FKBP51, also possess C-terminal tetratricopeptide repeat

(TPR) domains. Through the TPR domain, FKBP52 and

FKBP51 compete for binding to Hsp90 complexes,

especially those associated with steroid hormone recep-

tors [2]. There is an extensive literature of how steroid

hormones regulate these FKBPs, and how FKBP52 and

FKBP51 in turn regulate steroid receptor activity. Recent

work has revealed new roles for these and other FKBPs in

cellular function, especially relating to cancer biology.

Thus, a series of opinions highlighting our present un-
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derstanding of relevant FKBPs at the genomic and

protein level is warranted and timely. Here, we provide

details of the organization of the human FKBP52 and

FKBP51 genes (FKBP4 and FKBP5, respectively) and

present recent studies on the diverse roles of these

proteins in cell biology including regulation of microtu-

bule function and the activity of transient receptor poten-

tial channels.

Organization of FKBP4 and FKBP5
FKBP4 and FKBP5 map to chromosomes 12 (12p13.33)

and 6 (6p21.31), respectively [data from the Gene, Genes

and Mapped Phenotypes, portal of the National Center

for Biotechnology Information website (URL: http://

www.ncbi.nlm.nih.gov/gene)]. Eight pseudogenes for

FKBP4 have been identified, seven on chromosome 9

and one on chromosome 4. Pseudogenes for FKBP5 have

not been reported. The genes for human and rabbit

FKBP52 were isolated from genomic DNA in 2003,

and their promoters were partially characterized [3,4].

The human and mouse FKBP51 genes were first isolated

during the same time period [5,6]. FKBP4 consists of 10

exons and 9 introns spanning approximately 10 kb of

genomic DNA, whereas FKBP5 has 13 exons and 12

introns spanning more than 150 kb (Figure 1). The

organization of FKBP5 is identical to that of FKBP4 with

the exception that noncoding exons 1–3 in FKBP5 are

absent in FKBP4. The exon–intron boundaries through-

out the two genes are otherwise identical. The Homo-

loGene portal of the National Center of Biotechnology

Information website (URL: http://www.ncbi.nlm.nih.-

gov/homologene) was utilized to detect genes homolo-

gous to FKBP4 and FKBP5. FKBP4 orthologues are

found in chordates and in fruit fly Drosophila melanogaster
and soil nematode Caenorhabditis elegans genomes,

although the exon–intron boundary organization was con-

served only among the chordates. Using the same

analysis, FKBP5 orthologues are found in chordates,

but in neither D. melanogaster nor C. elegans genomes.

Using clustering analysis, Galat [7] suggested that FKBP4
and FKBP5 likely evolved from an ancestral invertebrate

gene, possibly fkb-6 [8], through a gene duplication event

that occurred before the emergence of fishes. Regarding

the expression of these genes, the molecular interactions

that mediate constitutive or regulated activity of FKBP4
are largely unexplored. On the other hand, our under-

standing of FKBP5 expression is greater, where there is

increasing evidence that both genetic and epigenetic

variation in noncoding regions of FKBP5 may influence

basal and hormone-stimulated expression of this gene.

For example, single nucleotide polymorphisms in FKBP5
are associated with elevated expression of FKBP51 and
www.sciencedirect.com
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Gene organization of FKBP4 and FKBP5. Solid boxes represent exons and horizontal lines represent introns. FKBP4 spans approximately 10 kb,

whereas FKBP5 spans approximately 150 kb. The organization of FKBP5 is identical to that of FKBP4 with the exception that noncoding exons 1–3 in

FKBP5 are absent in FKBP4. The exon–intron boundaries throughout the two genes are otherwise identical.
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Crystallographic structures of FKBP52 (yellow) and FKBP51 (blue).

Superimposing the three-dimensional structures of FKBP51 and

FKBP52 shows their structural similarity and reveals differences in

domain–domain orientations. The PPIase domain at the N-terminus

(FK1) and the TPR domain at the C-terminus are oriented differently in

the two proteins. From: Ref. [13]. Published online 2004 May 24.

doi:10.1073/pnas.0305969101.
impaired stress hormone regulation [9�]. On the other

hand, Lee et al. [10�] showed that long-term treatment

with corticosteroid results in a site-specific decrease in

DNA methylation in intron 5 of FKBP5 and an increase in

FKBP51 mRNA in vivo and in vitro. And histone density

is decreased at several regions of the gene by dexametha-

sone [11]. This fascinating area of research will be cov-

ered in more detail in other opinions.

Organization of FKBP52 and FKBP51
FKBP51 and FKBP52 are homologous proteins as

demonstrated by their amino acid sequences, domain

organization, and three-dimensional structures [12,13].

They share 60% identity and 75% similarity in their

amino acid sequences. Both proteins contain an N-term-

inal FK1 domain that is responsible for the PPIase activity

and a PPIase-like FK2 domain, which shares 32%

sequence homology with FK1 and exhibits no PPIase

activity. These domains are highlighted in the crystal-

lographic structures of FKBP52 and FKBP51 in Figure 2.

Also shown is the C-terminal TPR domain, which is made

up of three units of a consensus 34-amino acid motif.

None of the PPIase or TPR domain boundaries in

FKBP52 or FKBP51 coincide with exon–intron bound-

aries. Considering the similar domain organization and

sequence of FKBP52 and FKBP51, redundancy in their

actions might be expected. However, when the three-

dimensional crystallographic structures of the two

proteins were superimposed, differences in the

domain–domain orientations were revealed (Figure 2).

Thus, amino acid and structural differences are likely

responsible for the antagonistic activities of the two

proteins on steroid receptor activity [14,15]. The different

activities of FKBP52 and FKBP51 on microtubule

dynamics and the transient receptor potential channel
www.sciencedirect.com 
activity, described below, likely also reside in structural

differences between two proteins.

Functions of FKBP52 and FKBP51
Table 1 highlights recent studies, published in the last two

years, which describe the diverse actions of FKBP52 and

FKBP51. The table includes the well established roles of

FKBP52 and FKBP51 in regulating steroid hormone re-

ceptor activity [15]. Other papers that directly involve the

effect of FKBPs in steroid hormone receptor function are

not included. The roles of FKBP52 in control of amyloid

beta toxicity and copper homeostasis [16], modulation of a-

synuclein aggregation [17], control of proto-oncogene RET
[18], and regulation of peroxiredoxin-6 levels [19] are

highlighted. Also included in the table are the actions of

FKBP51 in control of apoptosis [20], regulation of the

kinase Akt [21], and the association of FKBP5 polymorph-
Current Opinion in Pharmacology 2011, 11:308–313
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Table 1

Diverse actions of FKBP52 and FKBP51.

FKBP52 Regulation of steroid hormone receptor function [15]

Control of amyloid beta toxicity and copper homeostasis in Drosophila [16]

Modulation of a-synuclein aggregation [17]

Control of proto-oncogene RET in neurons [18]

Protection of pregnancy from oxidative stress through regulation of peroxiredoxin-6 levels [19]

FKBP51 Regulation of steroid hormone receptor function [15]

Inhibition apoptosis in irradiated melanoma cells [20]

Promotion of dephosphorylation of Akt and downregulation of the Akt pathway [21]

Association of polymorphisms in FKBP5 in affective and anxiety disorders [9�]

Figure 3
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Model of FKBP51-mediated and FKBP52-mediated regulation of

microtubule dynamics. Microtubules are stabilized by the binding of cis

tau, but are destabilized when tau becomes phosphorylated and can no

longer bind. Phosphorylated tau in a trans configuration can be part of

an FKBP51 heterocomplex or an FKBP52 heterocomplex. These

heterocomplexes consist of at least FKBP51/FKBP52, phosphorylated

trans tau, and Hsp90. In the FKBP51 heterocomplex, the TPR domain of

FKBP51 (green) mediates interaction with Hsp90, and its FK1 domain is

spatially oriented towards phosphorylated trans tau (yellow). In this

orientation, FKBP51 catalyzes isomerization to the cis configuration that

allows the phosphatase PP5 access to tau. PP5 dephosphorylates cis

tau, which recycles to bind to and stabilize microtubules. In the FKBP52

heterocomplex, while the TPR domain of FKBP52 (blue) mediates

binding to Hsp90, its FK1 domain is oriented away from phosphorylated

trans tau thereby preventing PPIase activity on tau. Tau remains in a

phosphorylated trans configuration unable to bind to microtubules,

which leads to microtubule destabilization.
isms with mood disorders [9�]. In addition to the actions of

FKBP52 and FKBP51 described in Table 1, these proteins

have been shown to regulate microtubule dynamics and

transient receptor potential channels. These actions are

described in more detail below.

Regulation of microtubule dynamics
The roles of FKBP51 and FKBP52 in microtubule

dynamics have focused on the microtubule-associated

protein tau. In the last year, a model (Figure 3) has been

proposed in which FKBP51 promotes microtubule stabil-

ization through interaction with tau in a complex with

Hsp90 [22��,23]. In this complex, phosphorylated tau is in

a trans configuration. The PPIase activity of FKBP51

isomerizes tau to a cis configuration, which enhances

dephosphorylation of tau by the phosphatase PP5. This

is a critical event because dephosphorylated tau is

recycled to microtubules and stabilizes them. On the

other hand, highly phosphorylated tau exhibits reduced

microtubule binding, leading to a loss of microtubule

integrity [24]. In as much as FKBP51 plays a role in

promoting microtubule stabilization, the work of Cham-

braud et al. [25,26��] suggests that FKBP52 plays an

opposite role and promotes microtubule destabilization.

In the initial study, it was observed that FKBP52 binds to

tubulin and promotes microtubule depolymerization.

Although FKBP52 was able to directly interact with

tubulin in vitro, the ability of FKBP52 to promote depo-

lymerization of tubulin required the presence of a micro-

tubule-associated protein. In their subsequent study, it

was demonstrated that FKBP52 binds to the microtubule-

associated protein tau, especially when in a phosphory-

lated or hyperphosphorylated state. If FKBP51 and

FKBP52 possess PPIase activity and both are capable

of binding phosphorylated tau, why is it that FKBP51 is

selectively able to isomerize tau and promote microtu-

bule polymerization? First, FKBP51 and FKBP52, and

indeed cyclophilin 40 and PP5, compete for a common

Hsp90 binding-site in steroid receptor complexes [2], and

it seems likely that similar competition occurs in the

Hsp90 complex containing phosphorylated tau and a

TPR cochaperone (Figure 3). Like the steroid receptor

heterocomplex, the actual composition of the Hsp90-tau

complex is determined by a dynamic process in which the
Current Opinion in Pharmacology 2011, 11:308–313 
relative abundance and affinity of each TPR cochaperone

play a role. Second, structural comparison of FKBP51 and

FKBP52 revealed that the PPIase (FK) and TPR domains

exhibit different spatial orientations (Figure 2). Riggs and

colleagues have also emphasized the importance of

specific residues within the FK1 domains of FKBP52
www.sciencedirect.com
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and FKBP51 in determining steroid receptor interactions

and their impact on receptor activity [14]. Thus, it may be

that FKBP51 achieves an optimal orientation in the

complex that allows it to isomerize specific tau residues.

What are some of the functional consequences of changes

in microtubule stability? Chambraud et al. [26��] demon-

strated that FKBP52-mediated microtubule destabiliza-

tion plays a role in determining neurite length.

Overexpression of FKBP52 reduced neurite outgrowth

in response to nerve growth factor in PC12 cells. This

finding is consistent with the previous study of Ruan et al.
[27], who showed that RNAi knockdown of FKBP52

enhanced neurite outgrowth in cortical neurons. As neur-

ite outgrowth is dependent on microtubule assembly [28],

it is proposed that the mechanism underlying decreased

neurite length involves FKBP52 binding to phosphory-

lated tau and preventing the stabilizing interaction of tau

with microtubules. Because FKBP51 may isomerize tau

and stabilize microtubules, it is of interest to ask whether

FKBP51 promotes increased neurite length. A recent

report by Galigniana’s group [29] supports the idea that

FKBP52 and FKBP51 are indeed antagonistic in neuronal

cells. However, in their study a modest knockdown of

FKBP51 in N2a murine neuroblastoma cells enhanced

FK506-stimulated neurite outgrowth. These results

indicate that FKBP51 inhibits neurite outgrowth and

suggest that the effects of FKBPs may be cell type-

specific or condition-specific.

That FKBP52 and FKBP51 are important effectors of

neurite length may explain, at least in part, the obser-

vations that immunophilin ligands such as FK506 and

rapamycin exhibit neurotrophic effects. FK506 has been

shown to promote neuroprotective and neuroregenerative

effects in a number of injury models [30]. And rapamycin

analogs WYE-592 and ILS-920 increase neurite out-

growth in cultured cells and improve neurological recov-

ery in an in vivo stroke model, effects that were ascribed

to FKBP52 inhibition [27]. Thus, therapeutic agents that

target the large molecular weight immunophilins are

proving to be valuable in neuronal regeneration and

protection in the adult central nervous system.

Regulation of transient receptor potential
channels
Recent work has uncovered a role for FKBP52 in the

regulation of the TRPC1 calcium channel. TRPC1 is a

member of the transient receptor potential canonical

(TRPC) subfamily of ion channel proteins that belong

to the TRP superfamily [31]. Proteins in the TRP super-

family are six transmembrane spanning domain cation

channels that mediate diverse cellular responses [32].

Shim et al. [33��] showed in Xenopus spinal neurons that

the downstream effect of FKBP52-regulated TRPC1

channel opening is chemotropic turning of neuronal

growth cones. They showed that the PPIase activity of
www.sciencedirect.com 
FKBP52 is capable of catalyzing the cis/trans isomeriza-

tion of L–P bonds corresponding to regions within both

the N-termini and C-termini regions of TRPC1. This

suggests that peptidyl-prolyl isomerization is a key

element of FKBP52 regulation of channel function.

From these observations, other questions arise. What is the

effect of FKBP51 on growth cone movement? Do FKBP52

and FKBP51 interact with and regulate other TRPC

channels? What are the physiological effects of these

interactions? Do FKBP52 and FKBP51 have opposing

actions, and is Hsp90 a part of a scaffolding heterocomplex?

Schilling and colleagues [34,35] demonstrated specific

interaction of FKBP52 with TRPC1, TRPC4, and TRPC5

as well as TRPL. TRPV5 was also shown by Gkika et al. to

be a target of FKBP52 [36]. With regard to FKBP51, reports

showing potential interactions with TRP channels have yet

to be published. However, preliminary work from our labo-

ratories (Cioffi, Kadeba, Chen, Wu, and Scammell, unpub-

lished data) has shown that FKBP51 inhibits thapsigargin-

mediated store-operated calcium entry through the ISOC

channel, of which at least TRPC1 and TRPC4 are subunits.

These results suggest a functional interaction between

FKBP51 and these channels, but direct evidence of inter-

action awaits further investigation.

Conclusions
FKBP4 and FKBP5 likely emerged by a gene duplication

event from a common, ancestral invertebrate gene.

Although expression of FKBP4 and FKBP5 is quite

different, the gene structures are homologous and the

protein sequences are 75% similar. Both FKBP52 and

FKBP51 bind Hsp90 through C-terminal TPR domains

and share an FK1 domain that exhibits PPIase activity.

Despite these similarities, FKBP52 and FKBP51 have

diverse and often opposite actions. Antagonistic roles of

these proteins were first described in their effects on

steroid hormone receptor activity. Now, in light of recent

observations, it is interesting to consider that competitive

association with Hsp90 through the TPR domain is integral

to immunophilin action, and this antagonistic behavior is a

fundamental characteristic of the two proteins. To date, our

understanding of the functions of FKBP52 and FKBP51 is

incomplete, as is the role of their PPIase activity and/or

FK1 domain in regulating downstream targets.
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