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FKBP52 is a member of the FK506-binding protein family

(FKBPs). The N-terminal domain of FKBP52 (FKBP52-N;

residues 1±140) is responsible for peptidyl±prolyl isomerase

activity and binding of FK506. Here, the crystal structure of

FKBP52-N has been determined by molecular replacement to

2.4 AÊ . FKBP52-N is de®ned by a six-stranded antiparallel

�-sheet wrapping with a right-handed twist around a short

�-helix, an architecture similar to that of FKBP12. FKBP52-N

is able to bind FK506 in a similar way to FKBP12. The

variability in two loop regions (residues 70±76 and 108±127) is

the principal reason for the speci®city differences between

FKBP52-N and FKBP12. The Pro120 change corresponding to

Gly89 in FKBP12 limits the conformational adaptation

between the loop (residues 108±127) and FK506 and decreases

the FK506 af®nity, while the Lys121 substitution corre-

sponding to Ile90 of FKBP12 destroys a key interaction

between FKBP52-N and calcineurin. It can be inferred from

the locations of strictly conserved amino acids in the

polypeptide chain that the maintenance of the overall

conformation of the PPIase domains of FKBPs is essential

for the PPIase activity. The N-terminal region and �-sheets of

FKBP52-N forms a hydrophobic patch which may be

responsible for the binding of target proteins such as dynein

or PAHX.
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1. Introduction

Immunophilins are proteins possessing peptidyl±prolyl

isomerase (PPIase) domains that bind immunosuppressant

drugs. According to their binding af®nity for different drugs,

immunophilins have been divided into two families: FK506-

binding proteins (FKBPs), which bind FK506 and rapamycin,

and cyclophilins, which bind cyclosporin A (Dolinski et al.,

1997; Galat, 1993).

Several members of the FKBP family have been identi®ed

with molecular size ranging from 12 to 65 kDa (Kay, 1996).

The best characterized FKBP protein is FKBP12. When

complexed with FK506, a macrolide immunosuppressive drug,

FKBP12 inhibits the phosphatase activity of calcineurin,

modulates Ca2+ ¯ux and consequently affects many of the

signal transduction pathways responsible for T-cell prolifera-

tion and calcium-channel control (Cameron et al., 1995;

Grif®th et al., 1995; Kissinger et al., 1995; Stoddard & Flick,

1996).

FKBP52 is an immunophilin belonging to the FKBP family,

with a molecular weight of 52 kDa, and was ®rst discovered as

a component of an untransformed steroid receptor/HSP90

heterocomplex (Sanchez, 1990). Sequence and hydrophobic



cluster analysis suggested FKBP52 to be composed of four

different domains, each separated by short hydrophilic linker

sequences (Callebaut et al., 1992). Two of these domains are

structurally related to FKBP12. The ®rst domain (residues

1±148, de®ned as FKBP52-I) exhibits 49% sequence identity

with FKBP12. This domain is responsible for the PPIase

activity of FKBP52 and is able to bind FK506 (Chambraud et

al., 1993; Pirkl et al., 2001; Tai et al., 1993; Yem et al., 1992). The

second domain (residues 149±253) exhibits 28% sequence

identity with FKBP12. There is minimal PPIase activity in this

domain (Chambraud et al., 1993; Pirkl et al., 2001). The third

domain (residues 264±400) includes three tetratricopeptide

repeats (TPRs), which are involved in the binding to HSP90

(Owens-Grillo et al., 1996; Pratt et al., 1999; Ramsey et al.,

2000; Silverstein et al., 1997, 1999; Young et al., 1998). The

fourth domain (residues 400±458) contains a calmodulin-

binding site (Callebaut et al., 1992; Massol et al., 1992).

Although the association between FK506 and FKBP52 is

mediated through the FKBP52-I domain, when this complex is

formed it is not able to inhibit the phosphatase activity of

calcineurin (Lebeau et al., 1994; Wiederrecht et al., 1992).

FKBP52 also interacts with cytoplasmic dynein and

phytanoyl-CoA �-hydroxylase (PAHX; a peroxisomal enzyme

involved in Refsum's disease, peripheral neuropathy, retinitis

pigmentosa and cerebellar ataxia) through the FKBP52-I

domain. FK506 competes for the binding of FAP48 but does

not affect the binding of dynein and PAHX. Consequently, it

has been suggested that dynein and PAHX interact with the

FKBP52-I domain through sites different from the FK506-

binding site. FKBP12 does not interact with dynein or PAHX

(Chambraud et al., 1996, 1999; Galigniana et al., 2001; Silver-

stein et al., 1999).

Despite the homology with FKBP12, the FKBP52-I domain

is functionally distinct from FKBP12. The NMR structure of

FKBP52-I domain was determined in 1996 (Craescu et al.,

1996), but a clear picture of the structure±function relation-

ships requires further structural investigation. In this paper,

we characterize the three-dimensional structure of FKBP52-N

(FKBP52-I truncated C-terminal hydrophilic hinge, residues

1±140) using X-ray diffraction. Based on the X-ray structure,

the structure±function relationships are discussed.

2. Materials and methods

2.1. Protein expression and purification

The coding sequence for human FKBP52-N was cloned into

Escherichia coli expression vector pET28a(+) (Novagen Inc.).

The 6�His-tagged protein was expressed in E. coli strain

BL21 (DE3) plysE and puri®ed using Ni2+±NTA agarose

(Qiagen). The puri®ed protein was shown to be greater than

95% pure by SDS±PAGE.

2.2. Crystallization

The puri®ed protein was exchanged into a buffer containing

10 mM sodium cacodylate and was concentrated to 20±

30 mg mlÿ1. Crystallization was performed by the hanging-

drop vapour-diffusion method. 1 ml of protein solution was

mixed with 1 ml of reservoir solution containing 2.0 M

ammonium sulfate in 0.1 M Tris±HCl buffer pH 8.5 and the

mixture was equilibrated against 500 ml reservoir solution at

291 K. Clusters of rod-like crystals appeared after 6 d.

2.3. Data collection and processing

The data were collected to 2.4 AÊ using a 345 mm MAR

Research image-plate system mounted on a Rigaku RU-2000

Cu K� rotating-anode generator operated at 48 kV and

98 mA. During data collection, the crystal was maintained at

100 K using a Cryostream (Oxford Cryosystems) in a cryo-

protectant prepared by adding 20% glycerol to the mother

liquor. The data were processed and scaled with DENZO and

SCALEPACK (Otwinowski & Minor, 1997).

2.4. Structure determination

The asymmetric unit of the crystal contains two molecules

with an approximate solvent content of 40%. The structure of

FKBP52-N was determined using molecular replacement with

the program AMoRe (Navaza, 1994), using the known struc-

ture of human FKBP12 (PDB code 1fkj) as a search model.

The program O (Jones et al., 1991) was used for viewing

electron-density maps and manual building. CNS (BruÈ nger et

al., 1998) was used for re®nement, with iterative cycles of

simulated annealing and individual B-factor re®nement in the

resolution range 40±2.4 AÊ . No electron density was found for

the 15 N-terminal residues of FKBP52-N. The ®nal structure

has Rwork = 20.4% (Rfree = 28.0%) and consists of residues

16±140 in both molecule A and molecule B and 55 water

molecules. From the Ramachandran plot generated by

PROCHECK (Laskowski et al., 1993), the ®nal structure has

good stereochemistry, with 87.6% of residues in the most

favoured region, 11.4% of residues in the additionally allowed

region and 1% of residues in the generously allowed region.
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Table 1
Data set and re®nement statistics.

Values in parentheses are for the highest resolution shell, 2.49±2.40 AÊ .

Space group P21

Unit-cell parameters
a (AÊ ) 27.8
b (AÊ ) 58.4
c (AÊ ) 70.9
� (�) 98.3

Resolution range (AÊ ) 40±2.4
Unique re¯ections 8929 (889)
Data redundancy 10.8 (8.4)
Completeness (%) 99.9 (99.9)
I/�(I) 17.3 (9.3)
Solvent content (%) 40
Rmerge (%) 9.5 (29.4)
Rwork (%) 20.4
Rfree (%) 28
No. of residues 250
No. of waters 55
Ramachandran core region (%) 87.6
R.m.s. bond length (AÊ ) 0.018
R.m.s. bond angle (AÊ ) 2.3
Average B factors (AÊ 2) 38.5
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The ®nal re®nement statistics for the model are given in

Table 1.

3. Results and discussion

3.1. Structural overview

The overall structure of the protein is well de®ned, with the

exception of 15 N-terminal residues that are disordered and

are not visible in the electron-density map. The protein

structure consists of a six-stranded antiparallel �-sheet wrap-

ping with a right-handed twist around a short �-helix (Fig. 1a).

The �-sheet strands are de®ned by the following amino acids:

�1, 23±24; �2, 33±39; �3, 52±61; �4a, 66±69; �4b, 77±80; �5,

102±107; �6, 128±138, with Richardson topology +1, +3, +1,

ÿ3, +1. The �-helix is composed of residues 88±94. There is a

large bulge (residues 70±76) in the fourth �-sheet strand,

splitting the strand into �4a and �4b. The loop formed by

residues 108±127 includes a single-turn 310-helix. In addition,

two classical �-bulges were observed at Phe67 in �4a and

Phe135 in strand �6. The �-sheet and �-helix form a hydro-

phobic pocket corresponding to the FK506-binding pocket of

FKBP12. The pocket is also ¯anked by the large bulge

between the fourth strand of the sheet, residues 85±87 which

precede the �-helix, and the loop formed by residues 108±127.

The side chains of Tyr57, Phe77, Val86, Ile87, Trp90, Phe130

generate a hydrophobic environment in

the pocket interior. The overall structure

of FKBP52-N is very similar to that of

FKBP12, except for an additional short

�-strand near the N-terminus of the

protein.

There are two molecules (denoted A

and B) per asymmetric unit and they are

related by a pseudo-twofold symmetry.

The two molecules interact with each

other via respective hydrophobic surfaces.

The solvent-accessible surface area buried

by these two molecules is 1701 AÊ 2 (13% of

the total solvent-accessible surface of

these two molecules). Our research data

(gel ®ltration and dynamic light scattering;

data not shown) and previous articles have

shown that FKBP52-N is a dimer in

solution, while FKBP12 is a monomer

(Rollins et al., 2000; Yem et al., 1993). It

seems that the dimer is composed of

molecules A and B and is stabilized by a

hydrogen bond (Lys88B NZ±Ile49A O)

and a salt bridge (Lys88B±Glu140A)

(Fig. 1b). In FKBP12, Lys and Ile in the

corresponding positions are both substi-

tuted by Arg, which is unable to form the

hydrogen bond and salt bridge (Glu140 is

a extra amino acid compared with the

FKBP12 sequence). The absence of these

interactions may explain why FKBP12

does not form a dimer. The r.m.s. deviation calculated for the

main-chain atoms (C, N, O, C�) between the two molecules is

0.42 AÊ . The most signi®cant differences between the two

molecules occur at the N-termini (residues 16±21), which have

different orientations (Fig. 3).

Molecule A (A1) interacts with another symmetry-related

molecule A (A2) through residues 17±22. The N-terminus of

molecule A1 extends deeply into the hydrophobic pocket of

molecule A2. The N-terminus of FKBP52-N contains the

dipeptide Leu18±Pro19, which is regarded as a natural

substrate motif of PPIases in vivo, so the interaction between

molecules A1 and A2 provides an insight into how natural

substrates may bind to FKBP52-N. There are three hydrogen

bonds between the N-terminus of molecule A1 and the

hydrophobic pocket of molecule A2: Leu18 O (A1) to

Tyr113 OH (A2), Leu18 N (A1) to Asp68 OD2 (A2) and

Pro19 O (A1) to Ile87 N (A2) (Fig. 2a). These three hydrogen

bonds are conserved in the structure of FKBP12 complexed

with FK506 (Fig. 2b).

Further differences between the structures of molecule A

and molecule B occur in the interior of the protein. Firstly, the

loop region formed by residues 114±125 of molecule A is

shifted into the interior of the hydrophobic pocket compared

with molecule B. Secondly, the phenyl group of Phe77 is

rotated by about +83� around the C�ÐC bond in molecule A

relative to molecule B. Thirdly, the indole ring of Trp90 moves

Figure 1
(a) Stereoview of the FKBP52-N dimer. (b) The hydrogen-bond and salt-bridge interaction
between the two monomers. This ®gure and Figs. 2(a), 2(b), 3 and 5 were generated using the
programs MOLSCRIPT (Kraulis, 1991) or BOBSCRIPT (Esnouf, 1997).



by 1.4 AÊ towards the bottom of the pocket in subunit A, thus

making the binding cavity a little deeper compared with

molecule B. Similar differences are also observed when the

structures of free and complexed FKBP12 are compared.

Residues 16±21 of molecule A superimpose well with FK506 in

the FKBP12±FK506 complex (Fig. 2c). We conclude that

FK506 binds to FKBP52 by a similar pattern as in its binding

to FKBP12 and further suggest that FK506 mimics a transition

state of the natural peptidyl±prolyl substrates of FKBPs.

It is possible that molecule A1 and molecule A2 form a

dimer, considering their strong interaction with each other.

We have cloned and expressed another recombinant protein

including FKBP52-N and the secondary FKBP12-like domain

of FKBP52 (residues 1±260), but the gel-®ltration pro®le and

dynamic light-scattering results showed it to be a monomer

(data not shown). It seems that the secondary FKBP12-like

domain can partially occupy the hydrophobic surface of

FKBP52-N and prevent two FKBP52-N segments from

forming a dimer, which further proves that FKBP52-N forms

the dimer via hydrophobic surfaces.

3.2. Comparison with FKBP12

A number of FKBP12 structures have been published,

including unliganded and liganded FKBP12. Fig. 3 shows the

superposition of FKBP52-N with four FKBP12 structures:

unliganded FKBP12 (PDB code 1d6o), FKBP12±FK506 (PDB

code 1fkj), FKBP12±rapamycin (PDB code 1fkl) and the

FKBP12±FK506±calcineurin complex

(PDB code 1tco). The main-chain confor-

mations between these ®ve structures are

very similar, except for the loop regions

corresponding to residues 41±47, 61±66,

71±76, 81±85 and 117±122. The r.m.s.

deviations of all the main-chain atoms

(calculated against molecule A of

FKBP52-N) are 0.8 AÊ for unliganded

FKBP12, 0.9 AÊ for FKBP12±FK506, 0.8 AÊ

for FKBP12±rapamycin and 0.93 AÊ for

FKBP12±FK506±calcineurin. The largest

difference occurs for the region of resi-

dues 41±47. In this region, the conforma-

tions of both molecule A and molecule B

of FKBP52-N have distinct differences

from the corresponding regions of the

FKBP12s, with variations of up to 2 AÊ

when the molecules are superimposed.

These differences are likely to be respon-

sible for the differences in the substrate

speci®city of FKBP52-N.

3.3. Functional implications

In FKBP12, the polypeptide segment

between Ala84 and Asn94 moves to

interact with small ligands (Wilson et al.,

1995). In this segment, there are ®ve

differences in the amino-acid sequence

between FKBP12 and FKBP52: Ala84,

Thr85, His87, Gly89 and Ile90 of FKBP12

are changed to Ser115, Ala116, Ser118,

Pro120 and Lys121, respectively, in

FKBP52-N. These changes, especially Gly

to Pro, may restrain the movement of the

loop and result in an unfavourable

conformation for ligand binding; the G89P

mutant of FKBP12 decreases the af®nity

for FK506 by sevenfold (Craescu et al.,

1996). This suggests the FKBP52 af®nity

for FK506 is much lower than that of

FKBP12.
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Figure 2
Stereodiagrams illustrating the hydrogen-bond interactions between (a) symmetry-related
subunits A1 and A2 in FKBP52-N and (b) FK506 and FKBP12. (c) Residues 16±21 superimpose
well with FK506 in the FKBP12±FK506 complex (FK506, purple; FKBP12 residues, red;
molecule A2 residues, green; N-terminus of molecule A1, blue).
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FK506 complexed with

FKBP52 or FKBP52-N does not

inhibit calcineurin (Lebeau et al.,

1994; Yem et al., 1993). Super-

position of the structures of

FKBP52-N and the FKBP12±

FK506±calcineurin complex

shows that the outstretched side

chain of Lys121, which corre-

sponds to residue Ile90 in

FKBP12, would penetrate into

Pro344A of calcineurin. This

substitution destroys electrostatic

and geometrical comple-

mentarity between FKBP52-N

and calcineurin. A K121I mutant

of FKBP52 complexed with

FK506 has a high calcineurin

af®nity (Futer et al., 1995). Thus,

our structural data is consistent

with this substitution being

responsible for the loss of af®nity

for calcineurin.

3.4. Conserved amino acids

14 residues are highly

conserved in FKBP12s. Of these,

ten residues directly interact with

bound FK506 and 12 residues

interact with bound rapamycin

(Kay, 1996). The corresponding

14 residues in FKBP52 are also

highly conserved, except for a

H118S change compared with

FKBP12. The potential roles of

these residues in FKBPs have

been discussed previously (Kay,

1996; Van Duyne et al., 1993).

Ten residues are conserved

among the FK506-binding

domain sequences of a number

of human FKBPs (Fig. 4). In

FKBP52, these residues are all

located at the beginning or ends

of �-helices or �-strands or in

the turns, with the exception of

Leu134 (Fig. 5). These positions

are very important in maintaining

and stabilizing the overall protein

conformation. On the other

hand, although about 50% of

residues between FKBP52 and

FKBP12 are variable, the

hydrogen bonds among the main

chains are strictly conserved.

These hydrogen bonds play

Figure 4
Sequence alignment of the sequence of the PPIase domains of human FKBPs, schematically showing the
secondary structure. �1 represents an �-helix, �1±�6 represent �-strands, �1 represents a 310-helix and T
represents a �-turn. The strictly conserved residues are shown in red boxes.

Figure 5
The locations of ten strictly conserved amino acids inthe FKBP52-N C� trace.

Figure 3
Superposition of the C� traces of molecule A (red) and B (blue) of FKBP52-N, native FKBP12 (violet),
FKBP12 complexed with FK506 and calcineurin (green), FKBP12 complexed with FK506 (cyan) and
FKBP12 complexed with rapamycin (yellow).



essential roles in maintaining the overall conformation of the

protein. Mutational analysis has shown that the PPIase cata-

lytic ef®ciency of FKBP12 is relatively insensitive to mutations

at the active site (DeCenzo et al., 1996; Futer et al., 1995). It

seems that the PPIase activity of FKBPs is determined by the

overall conformation of the FK506-binding domain, especially

by the overall conformation of the active site.

3.5. A potential binding site for target proteins

FKBP52-N binds to PAHX and cytoplasmic dynein; the

interaction between them is increased by FK506 (Chambraud

et al., 1999; Galigniana et al., 2001; Silverstein et al., 1999). This

can be explained as follows. (i) The binding sites for dynein

and PAHX are different from the FK506-binding pocket;

binding of FK506 can lead to a more favourable conformation

for binding these target proteins. (ii) FK506 can act as a

mediator between FKBP52-N and target proteins in a similar

way to the action between FKBP12 and calcineurin. Analysis

of the electrostatic surface of FKBP52-N revealed an addi-

tional hydrophobic patch formed by the N-terminus and

�-sheets which may be a potential binding site for some

ligands. Furthermore, the patch is larger and more favourable

for binding a ligand in molecule A than in molecule B (Fig. 6).

It is possible that this hydrophobic patch is the binding site for

dynein or PAHX.
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