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The ability to bind immunosuppressive drugs such as cyclosporin
and FK506 defines the immunophilin family of proteins, and the
FK506-binding proteins form the FKBP subfamily of immunophil-
ins. Some FKBPs, notably FKBP12 (the 12-kDa FK506-binding pro-
tein), have defined roles in regulating ion channels or cell signaling,
and well established structures. Other FKBPs, especially the larger
ones, participate in important biological processes, but their exact
roles and the structural bases for these roles are poorly defined.
FKBP51 (the 51-kDa FKBP) associates with heat shock protein 90
(Hsp90) and appears in functionally mature steroid receptor com-
plexes. In New World monkeys, FKBP51 has been implicated in
cortisol resistance. We report here the x-ray structures of human
FKBP51, to 2.7 Å, and squirrel monkey FKBP51, to 2.8 Å, by using
multiwavelength anomalous dispersion phasing. FKBP51 is com-
posed of three domains: two consecutive FKBP domains and a
three-unit repeat of the TPR (tetratricopeptide repeat) domain. This
structure of a multi-FKBP domain protein clarifies the arrangement
of these domains and their possible interactions with other pro-
teins. The two FKBP domains differ by an insertion in the second
that affects the formation of the progesterone receptor complex.

The immunophilins were named for their ability to bind
immunosuppressive drugs, and there are two subfamilies: the

FK506-binding proteins (FKBPs) and the cyclosporin A-binding
cyclophilins. In addition to binding potent immunosuppressive
drugs, both the FKBPs and cyclophilins are peptidylprolyl
isomerases (PPIase) that catalyze the cis-trans conversion of
peptidylprolyl bonds. In FKBP12, which mediates the therapeu-
tic effect of FK506 (1, 2), FK506 binds in a deep pocket in a
structurally well characterized fashion (3). The FKBP12–FK506
complex forms a complementary binding surface for calcineurin
(Cn) (4), and the FKBP12-FK506–Cn complex cannot dephos-
phorylate nuclear factor of activated T cells, which results in
immunosuppression (5). FKBP12 also binds the immunosup-
pressant rapamycin, but this complex inhibits the serine�
threonine kinase activity of FRAP (FKBP12-rapamycin associ-
ated protein)�mTOR (mammalian target of rapamycin) (6–8).
The ability of FK506 and rapamycin to enforce the association
of two different proteins has led to schemes by which these small
molecules or analogs can control cellular functions such as gene
expression (9) and affinity modulation (10).

FKBP12’s intrinsic roles involve regulation of signaling path-
ways. For example, FKBP12 inhibits transforming growth factor
� (TGF �) receptor I’s signaling until it is released by TGF �
receptor II phosphorylation of receptor I (11). FKBP12 also
regulates signaling by the ryanodine receptor (12, 13).

The roles of the larger FKBPs are less well known, but
FKBP51 and FKBP52 participate in the formation of high-
affinity steroid receptor complexes. These receptors for gluco-
corticoids (GR) or progesterone (PR) must be assembled
through an ordered pathway involving Hsp40, Hsp70, Hsp90,
and an assortment of Hsp-binding cochaperones (14). A phys-
iological consequence of FKBP51 incorporation into GR com-

plexes was recently observed in New World primates such as
squirrel monkeys (15–18). These animals are hyposensitive to
cortisol because of lowered GR hormone-binding affinity, sim-
ilar to some clinical patients. Whereas a GR mutation has been
shown to underlie cortisol resistance in some patients, the
increased incorporation of squirrel monkey FKBP51 in GR
complexes leads to reduced hormone binding. In human cells,
typically low FKBP51 gene expression is highly induced by
steroids (19–22), suggesting a possible autoregulatory mecha-
nism for altering secondary hormonal responses (23, 24).

To provide a structural basis for understanding the biological
roles of FKBP51, we determined the three-dimensional struc-
tures for human and squirrel monkey (Saimiri sciureus) FKBP51
to 2.7 and 2.8 Å, respectively. The structures are similar and
contain three domains, two FKBP-like domains and a three-unit
TPR domain.

Materials and Methods
Protein Expression and Purification. For high-level expression of
intein fusion proteins in bacteria, the plasmid vector pDS50 was
generated in a pET28a (Stratagene) backbone by inserting the
intein�chitin-binding domain cassette from pCYB4 (New En-
gland Biolabs). Either human or squirrel monkey cDNA encod-
ing the entire ORF of FKBP51 was inserted in pDS50 in-frame
with the downstream intein-coding sequences. The resulting
plasmids were transformed into bacterial strain BL-21 for pro-
tein expression. Cells, typically from 18-liter culture volumes,
were induced for 3 h with 1 mM isopropyl �-D-thiogalactoside,
harvested, and washed twice with cold PBS. The resulting cell
pellet was suspended in cell lysis buffer (20 mM Tris, pH 8�500
mM NaCl�0.1 mM EDTA�0.1% Triton X-100) containing a
protease inhibitor mixture (Sigma, P-8465) and disrupted by
sonication. Cleared lysate was applied to a chitin affinity resin
(New England Biolabs), and FKBP51 was cleaved from the
intein�chitin-binding domain according to manufacturer’s in-
structions. Peak fractions were pooled and concentrated by using
a Centriprep 30 concentrator (Amicon).

For selenomethionine incorporation into FKBP51, minor
modifications were made to a published protocol (25). Briefly,
BL21 cells transformed with 51-intein�pDS50 were cultured
overnight in 36 ml of LB medium. Pelleted cells were resus-
pended in 1 liter of M9�� [M9 minimal media supplemented
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with glucose (4% wt�vol), MgSO4 (75 mg�liter), and kanamycin
(30 mg�liter)]. Cells were grown at 37°C with shaking at 250 rpm
until reaching �0.6 optical density at 600 nm. L-Amino acids
were added (50 mg of selenomethionine; 10 mg each of lysine,
threonine, and phenylalanine; 5 mg each of leucine, isoleucine,
and valine) and, after shaking at 37°C for 15 min, the culture was
adjusted to 1 mM isopropyl �-D-thiogalactoside and grown an
additional 12–14 h at 37°C. Cells were lysed and protein was
purified as described above.

PR Complex Assembly. Human FKBP51 or FKBP52 cDNA in
pSPUTK (Stratagene) was used for in vitro expression of wild-
type and mutant proteins. FKBP51 variants were created by
means of site-directed mutagenesis (QuikChange kit by Strat-
agene). The �3 mutant, lacking codons 195–197, was generated
with a mutagenic primer in which the corresponding 9 bases were
deleted (5�-GGCGAAGGAGAA�ATTCCAATTGG; the un-
derline indicates deleted base). Radiolabeled immunophilins
were prepared by expressing each of the cDNAs in an in vitro
transcription–translation system (Promega, TnT kit) containing
[35S]methionine. Equivalent amounts of radiolabeled proteins
were added to normal rabbit reticulocyte lysate (Green Hect-
ares, Oregon, WI) for cell-free assembly of PR complexes as
described (26). Washed complexes were extracted into SDS
sample buffer, separated by SDS�PAGE, and visualized by
Coomassie blue staining and autoradiography.

Crystallization and Data Collection. FKBP51 crystals were obtained
in sitting-drop vapor diffusion experiments. Drops contained
equal parts of 8 mg�ml FKBP51 (20 mM Tris�HCl, pH 8.0�50
mM NaCl�0.1 mM EDTA�10 mM DTT) and a reservoir solu-
tion of 15–18% polyethylene glycol 5000 monomethyl ether
(Fluka)/100 mM Mes (pH 5.8)�0.2 M ammonium sulfate.
Selenomethionine-containing crystals were obtained under sim-

ilar conditions with decreased precipitant concentration (12%).
The crystals grew to 0.15 � 0.15 � 0.35 mm within 10–14 days.
To improve the diffraction quality and resolution, a mild dehy-
dration treatment was used; the reservoir was exchanged with a
similar reservoir of 18–25% polyethylene glycol 5000 mono-
methyl ether and allowed to equilibrate for 14 days. The crystals
were extracted from the drops with a nylon loop and frozen in
liquid nitrogen.

Data collection and statistics are given in Tables 1 and 2. The
multiwavelength anomalous dispersion data were collected on
beam line F2 at the Cornell High Energy Synchrotron Source
(CHESS) by using the inverse beam technique and a single
selenomethionine-containing crystal. Indexing and integration
were done by using MOSFLM [from the Data Processing Suite
(27)], scaled by using SCALA and truncated by using TRUNCATE
from the Collaborative Computational Project No. 4 pack-
age (28).

Structure Determination and Refinement of FKBP51. SHELXL-97 (29)
revealed 9 of the 14 possible selenium positions for human
FKBP51 and 7 of the 11 selenium positions for squirrel monkey
FKBP51. The refinement and phasing were done with SHARP
(30), SOLOMON (31) was used for density modification within
SHARP, and this map was readily interpretable. The initial model
was built by using O (32) and refined against the native data for
each species by using CNS (33), with rebuilding done in O.

Results and Discussion
Overall Architecture of FKBP51. The final refined models (Fig. 1A)
contain residues 33–412 of 457 with a few small gaps (38–45,
62–66, 70–75, and 382–385) for the human structure and resi-
dues 28–421 with gaps (38–41, 64–75, 108–111) for the squirrel
monkey structure. The first two domains, residues 33–138 and
residues 147–251, are typical FKBP domains consisting of an

Table 1. Crystallographic data for human FKBP51

Edge Peak Remote Native

Data collection
Wavelength, Å 0.9794 0.9792 0.9679 0.9134
Unit cell, Å

a and b 88.22 87.58
c 132.05 132.03

Resolution, Å 20–3.2 25–2.7
No. of reflections

Observed 72,028 72,015 72,141 80,664
Unique 9.963 9,984 9,982 16,517

Completeness, % 94.6 94.6 94.6 100
Rsym,* % 8.2 8.5 8.3 6.6

Refinement statistics
Resolution, Å 25–2.7
R factor, %

Working 28.4
Free 37.5

rms†

Lengths, Å 0.01
Angles, ° 1.58
Backbone 3.3
Side chain 5.8

No. of nonhydrogen atoms
Proteins 2,828
Ions 15
Water 49

*Rsym � � � I0 � �I� ��� I0, where �I� 	 average intensity obtained from multiple
observations of symmetry-related reflections.

†rms deviation from ideal geometry and rms variation in the B factors of
bonded atoms.

Table 2. Crystallographic data for squirrel monkey FKBP51

Edge Peak Remote Native

Data collection
Wavelength, Å 0.9793 0.9791 0.9679 0.9251
Unit cell, Å

a and b 91.24 91.04
c 131.98 132.65

Resolution, Å 20–3.2 45–2.8
No. of reflections

Observed 101,060 101,030 101,029 95,940
Unique 10,908 10,908 10,908 16,161

Completeness, % 99.9 99.9 99.9 100
Rsym,* % 8.0 8.0 8.0 8.7

Refinement statistics
Resolution, Å 45–2.8
R factor, %

Working 25.5
Free 31.4

rms†

Lengths, Å 0.01
Angles, ° 1.56
Backbone 2.7
Side chain 4.7

No. of nonhydrogen atoms
Proteins 2,956
Ions 10
Water 31

*Rsym � � � I0 � �I� ��� I0, where �I� � average intensity obtained from multiple
observations of symmetry-related reflections.

†rms deviation from ideal geometry and rms variation in the B factors of
bonded atoms.
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antiparallel five-stranded � sheet wrapped around a central
�-helix (3). The third domain, residues 261 to �400, is similar to
the Hsp90-binding TPR domains of protein phosphatase 5 (PP5;
ref. 36), Hop (Hsp70�90 organizing protein; ref. 37), and Cyp40
(cyclophilin 40; ref. 38). In general, TPR domains are all-helical
structures consisting of 2–16 units of a consensus 34-aa motif
(36). A single unit consists of two consecutive �-helices of 12–
15 residues each crossing at an angle of �20° to each other. The
FKBP51 TPR domain contains three such units, plus an addi-
tional helix.

The orientation of the binding pockets of the FKBP domains
and the binding groove of the TPR domain suggests a plausible
domain orientation for FKBP51 in multiprotein complexes. The
binding pocket of the first FKBP domain, FK1, as seen in Fig. 1B,
is oriented �180° from the putative binding pocket of the second
FKBP domain, FK2. The connection between FK1 and FK2 is
only eight residues, and this short link has extensive interactions
that appear to reduce its f lexibility (Fig. 1C). The link begins
with a small three-amino acid (residues 140–42) antiparallel
�-strand interaction with �1 of FK2. The next four amino acids
(residues 143–146) form a tight loop stabilized by hydrogen
bonding of the side-chain carboxylates of Asp-141 and Asp-145
with backbone nitrogens in the loop.

The concave face of the TPR domain is facing the same
direction and 26 Å away from the binding pocket of the FK2
domain. The connecting region, residues 252–260, extends 16.7
Å from C� to C� with a single helical turn (256–258), and �1 of
the TPR domain is 21 Å from the last residue of FK2’s �3. The
first two �helices then come back toward the FK2 domain,
forming two direct hydrogen bonds between FK2 and TPR �1,
and a salt bridge involving Asp-195, Lys-274, and Tyr-278, and
two water-mediated hydrogen bonds.

FK1 Domain. This first FKBP domain consists of five antiparallel
�-strands curved around a central �-helix, the usual FK fold (Fig.
1 A and B). Several of the loops are disordered, notably the loop
between �1 and �4 and the ‘‘40s’’ loop. FK1 and FKBP12 share
48% sequence identity (60% similarity), and the overall struc-
tures have a 0.7-Å rms deviation over all C� atoms available in
the FKBP51 structure and 0.9-Å rms deviation over all atoms in
identical residues of the binding pockets (Fig. 2). The major
difference in the structures occurs in the ‘‘80s’’ loop (FKBP51
residues 110–125), a region known to show the most variations
among the characterized FKBP domains (40). The PPIase
activity of FKBP51 is 0.48 � 106 M
1�s
1 (41), comparable to
that of FKBP12, 0.64 � 106 M
1�s
1 (42). FKBP51 Ki values for
FK506 and rapamycin are �10 and �5 nM, respectively (41),
compared with �1 nM for FKBP12 (42). A double point
mutation in FK1 decreased the enzymatic activity of human
FKBP51 by �90% (26), arguing that this domain is the mea-
surably active PPIase domain in FKBP51.

Two well ordered waters sit deep in the FK1 binding pocket.
Water-519 sits �4.2 Å above Trp-90 (Trp-59 in FKBP12)
surrounded by hydrophobic residues and forms a single hydrogen
bond to water-531. Water-531 forms a hydrogen bond with
Tyr-113 (Tyr-82 of FKBP12), mimicking the hydrogen bonding
seen in FK506 and rapamycin complexes. A third water, 522, sits
on the outside of the binding pocket forming a hydrogen bond
with the carbonyl oxygen of Gly-84, reproducing the hydrogen
bonding of rapamycin and FK506.

FK2 Domain. FK2 is also structurally similar to FKBP12 despite
having only 26% sequence identity and 44% similarity (Fig. 1 A).
The deletion of the 40s loop results in a continuous �5 strand.
Of the 12 residues forming the binding pocket, only 3 are

Fig. 1. Crystal structure of FKBP51. (A) The overall structure is as follows: light green is the FK1 domain, dark green is the FK2 domain, red is the TPR domain,
and yellow regions are the linkers between domains. (B) In each case, coordinates of a similar domain (FKBP12, FKBP12, and the Hop TPR 2a domain) bound to
a ligand [rapamycin (39), rapamycin, and Hsp90 fragment MEEVD (37), respectively] were superposed on FKBP51s domains (FK1, FK2, and TPR). The resulting
ligand coordinates are shown in yellow space-filling atoms. (C) Extensive hydrogen bonding of the linker region between FK1 and FK2. The yellow bonds are
the linking regions, dark-green bonds are FK2, and light-green bonds are FK1. Figs. 1–5 were rendered with MOLSCRIPT (34) and RASTER3D (35).
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identical (F181, D182, and E194) and 3 are conserved (V55�
I198, Y82�F225, and F99�Y243; Table 3). An insertion of D195
H196 D197 between �5 and the � helix pushes into the binding
pocket as shown in Fig. 3. Both the lack of sequence conservation
and the binding pocket insertion agree with previous work that
suggested FK2 lacks measurable PPIase activity (26). We have
confirmed with FKBP51 truncation mutants lacking FK1 that
neither FK2 nor the mutant �3, deletion of D195, H196, and
D197, the residues that fill the FK2 pocket, have detectable
PPIase activity (data not shown).

Because the FK2-binding pocket is so near the binding groove
of the TPR domain, we used �3 to test for possible involvement
of the FK2 insertion loop with Hsp90 binding or receptor
association. Wild-type and �3 proteins were compared for
interactions with either Hsp90 or PR complexes by using estab-
lished coimmunoprecipitation approaches (26). As seen in Fig.
4, the deletion had no apparent effect on the binding of FKBP51
to Hsp90; in contrast, the deletion reduced FKBP51 recovery in
PR complexes to a level approximating that of FKBP52. Dele-
tion of the corresponding FK2 insertion loop from FKBP52
affected neither Hsp90 binding nor PR association (results not

shown), suggesting that the related FKBPs have different inter-
actions with the receptor. An attractive possibility is that FK2 in
FKBP51 is distinctly oriented and brought into proximity by
Hsp90 for direct interaction with PR. A unique interaction
between receptor and the FK2 domain of FKBP51 would help
explain why FKBP51 is competitively preferred over FKBP52 in
PR complexes (44).

TPR Domain. The TPR domain of FKBP51 has three repeats of the
TPR motif and is structurally very similar to the Hsp90-binding
domains of PP5 (36), Hop (37), and Cyp40 (38). At 21 and 25
residues, respectively, �1 and �3 are longer than the usual 12–
15 residues, but �2 and �4-�6 are within the average size for TPR
helices. Similar to the PP5 and Cyp40 structures, where the
domains were not shortened by digestion, FKBP51 also contains
a seventh helix that extends beyond the final TPR motif. The
TPR backbones overlay well (Fig. 5) and there are few differ-
ences in the core of the TPR domains. Although the seventh
extended helix does vary in the angle with which it protrudes

Fig. 2. Binding pocket of FK1. FKBP12 (yellow with black labels) coordinates
were superposed with FK1 of FKBP51 (green with green labels). Only one
amino acid differs, at H87 FKBP51, which instead has a serine. The remaining
side chains superpose well.

Table 3. Sequence conservation in the binding pocket of the FKBPs

Domains Conserved residues

human�

FKBP12
Y26 F36 D37 R42 F46 E54 V55 I56 W59 Y82 H87 I91 F99

human�

FKBP13
Y F D Q F Q V I W Y A I F

human�

FKBP25
Y F D T L K V I W Y Q I F

FKBP51�

FK1
Y57 F67 D68 R73 F77 Q85 V86 I87 W90 Y113 S118 I122 F130

FKBP51�

FK2
L172 F181 D182 — V186 E194 I198 P199 I202 F225 K230 G234 Y243

FKBP52�

FK1
F F D R F E V I W Y S I F

FKBP52�

FK2
L F D — L E L P L F K Q Y

Fig. 3. Binding pocket of FK2. The molecular surface of FKBP12, calculated
with SPOCK (43), was superposed on FK2 of FKBP51. The binding pocket of
FKBP12 is clearly seen in the surface. The FK2 residues, shown as stick models,
show how the 3-aa insertion (D195, H196, and D197) and other mutations
obstruct the binding pocket.
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from the TPR domain, this variation could have more to do with
crystal packing than with any interactions between �5 or �6
and �7.

The structure of the Hop TPR domains (37) shows binding in
an antiparallel orientation to �1, �3, �5, and �7, which form the
groove for both Hsp70 and Hsp90 fragments. The report of the
Cyp40 structure (38) does not have an Hsp90 fragment bound,
but instead uses the crystal packing to model Hsp90 binding,
which results in a binding parallel, not antiparallel, to the
direction of the helices lining the binding groove. The structure
of the FKBP51 TPR domain gives no indication of the binding
orientation of Hsp90. However, when the structures of the Hop,
Cyp40, and PP5 TPR domains are superimposed on the FKBP51
domain, an alanine conserved throughout the Hop (Ala-46 and

Ala-267) and Cyp40 (Ala-281) domains is a leucine in PP5
(Leu-70) and a methionine (M325) in FKBP51. The current
binding models for Hsp are incompatible with these leucine and
methionine residues, which would clash with an Hsp bound as
suggested. Studies on a full or larger segment of Hsp with a full
TPR containing protein will be needed to unravel the complex-
ities of Hsp binding.

Significance of the FKBP51 Structure. The structure of Mip, a small
FKBP with a dimerization and linkage domains, was recently
reported (45), but the FKBP51 structures reported here are for
a large FKBP with multiple FK506 binding domains. Although
the resolution is limited and some residues are missing, the
structures provide an important initial insight into the relative
orientations of the FK1, FK2, and TPR domains, which are
important for biological function. Based on our PR assembly
study, there appear to be cooperative protein–protein interac-
tions involving TPR and, surprisingly, FK2 rather than the active
PPIase FK1. Presumably, FK2 resulted from an FK domain
duplication event; yet, while FK2 has lost its PPIase activity, it
appears to have gained a protein interaction ability.

Glucocorticoid Hyposensitivity. Reynolds et al. (16) showed that
lymphocytes from squirrel monkeys, compared with human,
have 13 times higher FKBP51 protein levels and incorporate
more FKBP51 into GR complexes. Studies with transfected cells
and cell-free approaches have clearly shown that squirrel mon-
key FKBP51 reduces GR hormone-binding affinity and expres-
sion of a reporter gene (16, 17). Expressing human FKBP51 to
similar levels resulted in some cortisol resistance, but to only
one-fifth the extent caused by monkey FKBP51. The two pro-
teins are 94% identical (97% similar), and a superposition of the
crystal structures (Fig. 6) shows that the overall architecture is
the same. There are 15 substitutions in residues contained within
the crystal structure, most of which are conservative. Outside the
resolved structures, there are six additional substitutions in the
N-terminal 32 aa and five in the C-terminal 30 aa, most of which
are not conservative. Although not apparent from the crystal
structures, these regions may indirectly influence FK2 or other
interactions that, in the context of Hsp90–steroid receptor
complexes, modulate receptor-hormone-binding affinity.

We thank M. Cristina Nonato, Shenping Liu, Damon Carr, and Donna
Valentine for their valuable assistance in this work. This work was

Fig. 4. FK2 involvement in PR association but not Hsp90 binding. Both
wild-type human FKBP51 (wt) and a deletion mutant lacking D195, H196, and
D197 from the FK2 domain (�3) were tested for association with Hsp90 (Left)
or PR (Right) complexes. Hsp90 complexes were immunoprecipitated from
rabbit reticulocyte lysate that had been supplemented with radiolabeled wt
or �3, and washed beads were extracted and the proteins were separated by
SDS�PAGE. (Top) An image of the Coomassie blue-stained gel with labeled
bands from the predominate Hsp90-Hop-Hsp70 and the heavy chain (HC) of
antibody used for immunoprecipitating complexes. (Middle and Bottom)
Autoradiograms that show the levels of radiolabeled FKBP51 recovered in the
gel samples (35S Bound), or representative amounts of the two FKBP forms
included in the incubation mixture (35S Input), respectively. Similarly, PR
complexes were assembled in reticulocyte lysate mixtures and analyzed for
the association of radiolabeled FKBP51. For reference, FKBP51 comigrates
with antibody heavy chains.

Fig. 5. TPR domains. The known TPR domains were superposed onto the TPR
domain of FKBP51 and color-coded according to their proteins: green,
FKBP51; red, PP5; lavender, Cyp40; blue, Hop TPR1; and yellow, Hop TPR2a.
The backbones of the six helices forming the TPR domain superpose well,
whereas �7 continues out from the TPR domains at slightly differing angles.

Fig. 6. Structural comparison of human and squirrel monkey FKBP51s. The
smFKBP51 (red) was superposed onto huFKBP51 (green). The two proteins
have very little difference in their overall structures, with the ‘‘80s’’ loop of the
FK1 domains showing the most variability. Blue marks the residues that are
different; most of these 15 mutations are conservative.
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