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Abstract: The FK506-binding protein (FKBP) family consists of proteins with a variety of protein–
protein interaction domains and versatile cellular functions. It is assumed that all members are

peptidyl-prolyl cis–trans isomerases with the enzymatic function attributed to the FKBP domain.

Six members of this family localize to the mammalian endoplasmic reticulum (ER). Four of them,
FKBP22 (encoded by the FKBP14 gene), FKBP23 (FKBP7), FKBP60 (FKBP9), and FKBP65 (FKBP10),

are unique among all FKBPs as they contain the EF-hand motifs. Little is known about the biologi-

cal roles of these proteins, but emerging genetics studies are attracting great interest to the ER
resident FKBPs, as mutations in genes encoding FKBP10 and FKBP14 were shown to cause a vari-

ety of matrix disorders. Although the structural organization of the FKBP-type domain as well as of

the EF-hand motif has been known for a while, it is difficult to conclude how these structures are
combined and how it affects the protein functionality. We have determined a unique 1.9 Å resolu-

tion crystal structure for human FKBP22, which can serve as a prototype for other EF hand-

containing FKBPs. The EF-hand motifs of two FKBP22 molecules form a dimeric complex with an
elongated and predominantly hydrophobic cavity that can potentially be occupied by an aliphatic

ligand. The FKBP-type domains are separated by a cleft and their putative active sites can catalyze

isomerazation of two bonds within a polypeptide chain in extended conformation. These structural
results are of prime interest for understanding biological functions of ER resident FKBPs contain-

ing EF-hand motifs.
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Introduction

Two protein families, the FK506-binding proteins

(FKBPs) and the cyclosporin A-binding cyclophilins,

are named for their ability to bind immunosuppres-

sive drugs. These proteins are peptidyl-prolyl iso-

merases (PPIases) that catalyze the cis–trans

conversion of peptidyl-prolyl bonds. Whereas cyclo-

philins are highly efficient PPIases, PPIase activities
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of FKBPs are usually moderate, weak or even unde-

tectable. In the noncanonical FKBP members, the

FK506-binding site is not conserved and shows nei-

ther PPIase activity nor affinity to FK506.1 A num-

ber of FKBP family members contain not only an

FK506-binding domain but also possess extra

domains such as tetratricopeptide repeat domains,

calmodulin binding domains, transmembrane motifs,

and others. FKBPs have versatile biochemical func-

tions and are involved in protein folding, receptor

signaling, protein trafficking, transcription, apopto-

sis, and T-cell activation.1

FKBPs are found in all living organisms, from

bacteria and archea to higher plants and mammals,

but not in viruses. FKBPs containing EF-hand

motifs (FKBP-EFs) are only found in the animal

kingdom and present in all species except flatworms,

placozoans, and other primitive species (http://sup-

fam.cs.bris.ac.uk/SUPERFAMILY/). The distribution

of EF-hand motifs is even wider than that of the

FKBP domains, as they are present in all living

organisms and even in some viruses. A combination

of these two domains in animals is pointing to a spe-

cific role of FKBPs containing EF-hand motifs,

which should be linked with the appearance of a

novel characteristic during evolution.

Two major types of FKBP-EFs should be distin-

guished, that is, proteins comprising a single FKBP

domain and two EF-hand motifs (1FKBP-2EF) and

proteins with four FKBP domains and two EF-hand

motifs (4FKBP-2EF). It is noteworthy that 4FKBP-

2EFs are almost exclusively found in vertebrates,

from fishes to mammals, although genes for differ-

ent FKBP-EF forms with multiple FKBP domains

are also found in ascidians. In humans, there are

two 1FKBP-2EFs (FKBP22 and 23) and two 4FKBP-

2EFs (FKBP60 and 65). All FKBP-EFs have been

reported to localize in the endoplasmic reticulum

(ER), FKBP22 in Drosophila2 and humans,3

FKBP23 in mice,4 and FKBP60 and FKBP65 in

mice.5,6 All FKBP-EFs contain an ER retention sig-

nal at the C-terminus. There are two more FKBPs

that are localized in the ER, FKBP13 (with one

FKBP domain)7 and potentially FKBP19 (with one

FKBP domain and a transmembrane region), but

they have no EF-hand motifs. Several EF-hand

motif containing proteins have been identified in

human ER lumen. The number of EF-hand motifs in

these proteins varies from two in multiple coagula-

tion factor deficiency protein 2 (MCFD2) and gluco-

sidase 2 subunit beta to six in proteins of the CREC

family, that is, reticulocalbins-1, -2, -3, calumenin,

and 45 kDa Ca-binding protein. Among them,

MCFD2 structurally resembles the EF-hand portion

of FKBP22, as it basically consists of only two EF-

hand motifs.8 MCFD2 interacts in a calcium-

dependent manner with LMAN19,10 and the

MCFD2-LMAN1 complex forms a specific cargo

receptor for the ER-to-Golgi transport of coagulation

factors V and VIII.11–13 Interestingly, the MCFD2

interaction with LMAN1 has been shown to be inde-

pendent from binding to factor VIII,12 which empha-

sizes the simultaneous potency of the two-EF-hand-

motif structure to form a bridge complex. It is thus

possible that the EF-hand motifs of FKBP22 can

form complexes with other ER proteins. Indeed, it

has been shown that murine FKBP23, which has

the same domain organization as FKBP22, binds to

78 kDa glucose-regulated protein (also known as

GRP78, HSP70, or BiP).14

Studies on FKBP-EFs are of great public health

relevance, because mutations in FKBP14 (FKBP22)

cause a variant of Ehlers-Danlos syndrome,3 and

mutations in FKBP10 (FKBP65) lead to Osteogenesis

Imperfecta, Bruck syndrome, and Dentinogenesis

Imperfecta.15–17

To provide a structural basis for fully under-

standing the biological roles of ER-resident FKBPs

containing the EF-hand motifs, we determined the

three-dimensional structure of human full-length

FKBP22 to 1.9 Å.

Results

Overall structure

Native and a selenomethionine derivative of FKBP22

were crystallized, under identical conditions, in space

group P21 with two protein chains per asymmetric

unit. The structure of each chain comprises two

domains, FKBP, which consists of a single FKBP-type

fold, and an EF-hand domain containing two EF-hand

motifs [Fig. 1(A)]. The FKBP and EF-hand domains of

the same chain are well separated and do not demon-

strate significant interactions, which would otherwise

stabilize their mutual orientation. The FKBP domain

structure is stabilized by an intra-chain disulfide bond

between C19 and C77. The classical 12-residue loop of

each EF-hand motif coordinates a calcium ion. The C-

terminal end of chain A, but not B, coordinates an

extra calcium ion. The EF-hand domains of two chains

form a dimer in an antiparallel manner [Fig. 1(B)]. An

additional binding interface is observed between the

FKBP domain and the EF-domain of two different

chains. The dimeric complex orients two FKBP-

domains in a way that their active sites are separated

by a cleft and mutually shifted [Fig. 1(B)]. The cleft

has sufficient room to accommodate a polypeptide

chain in an extended conformation, which would be

accessible by both FKBP active sites.

FKBP-type domain

FKBP12, a canonical FKBP, shares 40% identical

residues with the FKBP domain of FKBP22. Second-

ary structure matching superimposition of FKBP22

and FKBP12 (PDB code: 1FKK)18 using the

secondary-structure matching method19 demonstrates
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high three-dimensional similarities [residues G1-

E107 of FKBP12 and E7-R116 of FKBP22; root mean

square deviation (RMSD) of 1.2 and 1.3 Å for 104

equivalent Ca positions for FKBP22 chains A and B,

respectively]. Major deviations in the polypeptide

backbone between FKBP22 and FKBP12 are mainly

observed in regions P16-R21 (an extra residue in

FKBP22 and a formation of a disulfide bond between

C19 and C77), K39-D40 (an extra K residue), K49-

N52 (two extra residues), and G98 (a missing resi-

due). FKBP13, the ER-resident protein with a single

FKBP domain, shares 47% sequence identity with

the FKBP domain of FKBP22, and the crystal struc-

tures are very similar (RMSD 0.9 Å for 100 equiva-

lent Ca positions; human FKBP13 PDB code: 2PBC).

It should be noted that the available crystal structure

of FKBP13 is N-terminally truncated and neither

contains the first b-strand nor the first cysteine

which forms a disulfide bond with the second cyste-

ine in homologs. The FKBP domains of chains A and

B of the present structure of FKBP22 are structur-

ally identical to each other (RMSD 0.5 Å) and to the

structure of the human FKBP22 fragment (RMSD

0.5-0.7 Å, PDB code: 4DIP, chains A–J).

The potential PPIases active site remains

largely undisturbed in the FKBP22 molecule. Three

out of four residues forming the hydrophobic pocket

for the pyrrolidine ring of proline, that is, Y33, W69,

and F108 are conserved (Y26, W59, and F99 in

FKBP12). The fourth residue, I56 (F46 in FKBP12),

provides more room for the ligand and can possibly

accommodate modified versions of proline (3- and 4-

hydroxyproline). The tyrosine residue (Y92) that

coordinates the ligand through hydrogen bonding is

also conserved. Nevertheless, of 13 residues of

FKBP12 implicated by mutagenesis in binding

FK506,20 only seven are conserved in FKBP22, per-

haps reflecting adaptations for a unique substrate

specificity.

Interestingly, FKBP22 has an N-terminal tail of

sequence ALIPEP that exhibits different orienta-

tions in chains A and B of the present structure

[Fig. 1(A)] and in the previously published N-

terminal fragment of FKBP22 (aka FKBP14; PDB

code: 4DIP). The temperature factors for these resi-

dues are significantly elevated as well, which indi-

cates higher vibrational motion. Altogether, the N-

terminal tail of FKBP22 appears to be highly flexi-

ble and can adopt multiple orientations during crys-

tallization, which is suggestive of high disorder in

solution. Although it is located near the active site

of the FKBP domain, its length is insufficient to

reach the active site of either the same or a neigh-

boring chain.

EF-hand domain

The EF-hand domain is formed by two EF-hand

motifs. The overall fold is most similar to calcineurin

(Z-scores 10.9 and 11.2 for chains A and B by the

Dali server21). A total of four a-helices are present

in the EF-hand domain, together with three loops.

Each EF-hand motif contains two a-helices and a

classical 12-residue loop structure that coordinates

the calcium ion in a pentagonal bipyramidal configu-

ration. Each loop provides a short b-strand (residues

6–10 in the loop numbering) to form an antiparallel

b-sheet that stabilizes the structure. Due to the con-

formational requirements of the backbone, the sixth

residue in the loop is most frequently glycine in EF-

hand motifs. The second EF-hand motif in FKBP22

contains a glycine (G178), but the first EF-hand

motif has a tryptophan (W134). The glycine residue

in the second loop of 1FKBP-2EF and 4FKBP-2EF is

conserved in all species. Surprisingly, the sixth resi-

due in the first EF-hand loop of 1FKBP-2EF pro-

teins varies in different species: cnidarians—G, D,

or K; echinoderms—N or K; nematodes—E; mol-

lusks—N; annelidas—N; arthropods—K; ascidians—

K or E; lancelets—K or Q; and vertebrates (W in

FKBP22; K or R in FKBP23). The sixth residue in

the second EF-hand loop of 4FKBP-2EF proteins

(found only in vertebrates) is glycine from amphib-

ians to mammals, but varies in fishes (A, K, R, H, or

Q). Presence of a bulkier residue (especially solvent

Figure 1. FKBP22 crystal structure. (A) Stereo cartoon topol-

ogy diagram of FKBP22 A chain (white) and FKBP22 B chain

(orange) superimposed using residues 7–116 of the FKBP

domain. Calcium ions are shown as spheres and labeled 1,

2, and 3. Disulfide bond C19–C77 is shown in cyan. N- and

C-termini are labeled as N and C. (B) Stereo surface diagram

of FKBP22 dimer composed of chain A (white) and chain B

(orange). The surface of potential PPIases active site of the

FKBP domain is shown in magenta. An interactive view is

available in the electronic version of the article.
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exposed hydrophobic tryptophan in FKBP22) in the

first loop of the EF-hand motif at the position prefer-

entially occupied by the glycine residue in other pro-

teins might reflect involvement of this residue in

protein interaction/function.

Analysis of the electron density around the sec-

ond EF-hand motif of chain A points to a potential

extra binding site (secondary, as opposed to the two

primary calcium sites in the EF-hand loops) for a

metal ion. The ion is coordinated by three oxygen

atoms (one from the sidechain carboxyl group of

E172 and two from main chain carbonyl groups of

E184 and Y187) and by the imidazole sidechain of

H189 [Fig. 2(A)]. Although the nature of the ion is

inconclusive at the moment, it was modeled with a

calcium ion (calcium ions were present in the crys-

tallization solution). The same position in chain B

appears to be occupied by a water molecule. It is

also coordinated by the carbonyl groups of E184 and

Y187 together with an additional water molecule

and by the amino group of K188, which would

exclude the possibility that this site is another cat-

ion [Fig. 2(B)]. The structure of the C-terminal end

of chain B (including Y187 and H189) is influenced

by the crystal contacts with a symmetrical molecule,

whereas the identical region of chain A is free of any

crystal contacts. A lower number of coordinating

ligands for the additional ion (four instead of seven

as in the EF-hand loop) indicate that this site might

have a lower affinity/transient interaction. This ion

could be involved in the regulation of the protein

recycling between the ER and the Golgi as it is adja-

cent to the ER retention sequence (HDEL) and even

coordinated by its histidine side chain. It is interest-

ing to compare sequences of different FKBP-EFs for

their potential ability to bind this secondary ion. As

residues at positions 184 and 187 coordinate the ion

by their main chain carbonyl groups, the nature of

their side chains is not directly affecting the binding

and thus only the presence of the pair E172–H189

should be considered as an indication for the poten-

tial secondary binding site. In vertebrates, this pair

of residues is conserved in FKBP22 from fishes to

mammals. FKBP23, FKBP60, or FKBP65 do not con-

tain this pair, which makes it a unique feature for

FKBP22. Indeed, in all animals starting from primi-

tive ascidians and echinoderms, there is one gene

encoding 1FKBP-2EF with the E–H pair, including

the only one 1FKBP-2EF found in drosophila.

FKBP-EF interface

The FKBP and EF-hand domains of the same chain

are distant and their mutual orientation is not stabi-

lized by interactions between these domains. Indeed,

the closest distances between atoms of the domains

are between the e-amino group of K24 and the imid-

azole side chain of H152, 3.0 Å for chain A and 6.6 Å

for chain B. The FKBP domains of chains A and B

are structurally identical (RMSD 0.5 Å for Ca posi-

tions of residues 7–116) as well as the EF-hand

domains (RMSD 0.9 Å for Ca positions of residues

121–186). The two domains are linked by a short

linker sequence NGPR (residue numbers 117–120),

which demonstrates significant variability of the

main chain dihedral angles between chains A and B.

Approximating the difference in pseudo-dihedral

angles22 of structures A and B as (wi,B 1 ui11,B) 2

(wi,A 1 ui11,A), the dihedral rotations are 81�, 26�,

43�, 2136�, and 40� for residues 117 through 121,

compared with 6<8� for nonhinge residues. From a

least-square superimposition of the FKBP domains of

chains A and B, significant distance variations are

also observed between identical Ca atoms for the

linker region (as high as 6.6 Å for prolines 119) and

the EF-hand domain (from 2.0 to 6.7 Å).

FKBP22 dimer
The asymmetric unit contains two chains of

FKBP22, which form a dimeric complex. The EF-

hand domain of each chain forms interactions with

both FKBP and EF-hand domains of another chain.

No interactions between the FKBP domains of two

chains are observed. The dimer has a V-shaped

structure, where the EF-hand domains constitute

the extended base and the FKBP domains form

stalks [Fig. 1(B)]. The potential PPIases active sites

of the FKBP domains face the inner space. The cleft

between the FKBP domains is sufficient to trace a

polypeptide chain in an extended conformation in a

way that it can access both catalytic sites. The

dimeric interface is established by a set of

Figure 2. (A) The third calcium ion (magenta) in chain A. (B)

The same region in chain B is occupied by two water mole-

cules. (C) Electron density for PEG and 1,2-propanediol mole-

cules calculated using 2Fo-Fc coefficients contoured at 1r
and shown in black on the surface of the EF-hand domain of

chain A, which is colored based on electrostatic potential

value.38 (D) The same as in (C) shown for chain B. An interac-

tive view is available in the electronic version of the article.
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hydrophobic contacts, as well as 19 hydrogen bonds

and 15 salt bridges. PISA software23 shows that the

dimer formation buries �20% of the monomer sur-

face and the solvation free energy gain upon forma-

tion of the dimer is 210.7 kcal/mol. The free energy

of dimer dissociation has a positive value of 8.4 kcal/

mol, which indicates a thermodynamically stable

assembly. Based on this free energy, a dissociation

constant can be estimated around 1 mM at 37�C. To

find out whether FKBP22 forms a dimer in solution,

analytical ultracentrifugation studies were per-

formed. Table I summarizes the sedimentation equi-

librium data. Recombinant FKBP22 shows a mixed

population of monomers and dimers in solution with

a shift toward the dimer upon increasing protein

concentrations. Strikingly, increased temperature

also facilitates the formation of dimers.

Interestingly, the dimeric interface between the

two EF-hand domains contains a cavity with promi-

nent electron densities observed in the difference

maps (Fo-Fc and 2Fo-Fc). Although nature of the

trapped compounds is unknown, we modeled them

with one molecule of pentaethylene glycol and one

molecule of 1,2-propanediol [Fig. 2(C,D)]. As the

recombinant protein was produced in E.coli, it

remains unclear whether the dimer of FKBP22 in

human can trap a specific ligand. The surface of the

cavity is rather hydrophobic and can accommodate

aliphatic chains. An unknown ligand in the natural

form of FKBP22 can potentially facilitate the dimer

formation and increase the affinity.

Discussion
The FKBP domain of the ER-resident protein

FKBP22 is structurally very similar to the classical

FKBP structure of the cytoplasmic protein FKBP12,

which has no disulfide bonds. The oxidative environ-

ment of the ER allowed the evolution of a form with

two cysteines (C19 and C77), which form a disulfide

bond and covalently stabilize the FKBP fold. The

active site of the FKBP domain is similar to other

active FKBPs, so it is reasonable to presume that it

is in an active configuration. An enlarged hydropho-

bic pocket (due to isoleucine substitution of phenyl-

alanine) in the active site can potentially

accommodate modified pyrrolidine rings, such as of

3- or 4-hydroxyproline. Surrounding residues of the

active site are only partially conserved, which can

point to unique substrate specificity. A flexible N-

terminal tail near the active site can also be

involved in substrate selection/binding as an exo-

site.

There is an intriguing structural resemblance of

the EF-hand domain of FKBP22 with the MCFD2

protein, which mainly consists of two EF-hand

motifs and also resides in the ER. The MCFD2 pro-

tein forms a complex with LMAN1, and they serve

as a specific cargo receptor for coagulation factors V

and VIII to transport them from the ER to the

Golgi.11–13 The EF-hand domain of FKBP22 resem-

bles the conformation (RMSD of 1.0 Å) as observed

in the MCFD2 complexed with LMAN1.9,10 More-

over, the area corresponding to the binding interface

of MCFD2 to LMAN1 is also accessible in the

dimeric form of FKBP22. It is thus possible that

FKBP22 might serve as a ligand for transporting

yet unknown substrates.

Finding of the potential secondary metal bind-

ing site (in addition to the two classical primary

sites) at the very C-terminal end of the EF-hand

domain seems to be a unique feature for FKBP22.

Involvement of the histidine residue from the ER-

retention signal (HDEL) in coordination of the ion is

intriguing as it can represent a novel calcium medi-

ated mechanism of protein recycling between the

Golgi and the ER.

It is unclear whether the dimeric complex

observed in the crystal structure of FKBP22 repre-

sents a crystallization artifact or a consequence of

trapping the unknown compound during expression

in E.coli. The analytical ultracentrifugation data

demonstrate that dimer formation is observed at

rather high (and probably non physiological) concen-

trations. Recombinant production of human FKBP22

in the bacterial system may lack certain factors,

which can stabilize dimer formation (e.g., posttrans-

lational modifications and specific ligands). More-

over, dimer formation may possibly be induced/

stabilized by a substrate. If the dimerization of

FKBP22 is not biologically relevant, then the bind-

ing interface is likely to be engaged in interactions

with other ER proteins or even with unfolded sub-

strates as it is predominantly formed by hydrophobic

side chains. Neveretheless, the dimeric structure of

FKBP22 observed in the crystal form somewhat

resembles “V-shaped” structures of bacterial FKBPs

localized in the periplasmic space.24,25 They are

dimeric molecules divided into two domains. The N-

terminal domain includes three helices that are

interlaced with those of the other subunit to provide

all intersubunit contacts maintaining the dimeric

Table I. Molecular Weight of FKBP22 in Solution as Determined by Analytical Ultracentrifugation

4�C 20�C

Concentration
(wavelength)

20 mM
(295 nm)

10 mM
(295 nm)

5.0 mM
(280 nm)

2.5 mM
(240 nm)

1.0 mM
(230 nm)

5.0 mM
(280 nm)

Molecular weight 33.2 kDa 29.1 kDa 27.4 kDa 21.7 kDa 23.6 kDa 33.9 kDa
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species. The C-terminal portion is the FKBP domain.

The V-shaped structure is important for efficient

binding to a protein substrate26 and crucial for a

general chaperone activity.25 FKBP22 from a fila-

mentous fungus Nerospora crassa (not related to

animal FKBP22), an ER-resident protein, is also a

dimeric protein with PPIase and a chaperone activ-

ity, but its homodimerization is mediated by the C-

terminal domain (not containing EF-hand motifs)

and the N-terminal domain is a functional FKBP

domain.27 The homodimerization is not novel for ER

or periplasm resident FKBPs, but the spatial

arrangement of FKBP active sites is unique for the

structure of human FKBP22, as they are located in

close proximity.

Electrophoretic separation of denatured human

FKBP22 followed by Western blot analysis revealed

a doublet band as indication for a posttranslational

modification.3 One potential modification is glycosy-

lation of N157, which is located between two EF-

hand motifs and solvent exposed near the dimer

interface. It is thus possible that N157 glysolylation

of the endogenous FKBP22 can contribute to stabili-

zation of the dimer.

There is only a single gene encoding FKBP-EF

in Drosophila, Fkbp14. Recent studies in flies

showed that at least partially FKBP22 (aka

FKBP14) is likely to function, directly or indirectly,

to stabilize presenilin in the ER and that, in the

absence of FKBP22, presenilin protein levels are

reduced resulting in decreased g-secretase activity

and Notch-related developmental defects.2 One of

the unique features of arthropods is the absence of

all types of collagen except type IV, which is a com-

ponent of the basement membrane. It is possible

that FKBP22 can act on different substrates (includ-

ing multiple collagen types in other animals) and its

function is not restricted to the reported one.

Binding of calcium ions by the EF-hand domain

of different FKBP-EFs is important for their stabil-

ity and function. FKBP23 has been shown to bind

the GRP78/BiP chaperone in a calcium-dependent

manner, potentially playing a role in regulating

chaperone activity.28 Stress-induced changes in ER

calcium stores induce the rapid proteolysis of

FKBP65, a chaperone and folding mediator of colla-

gen and tropoelastin.29 Loss of calcium ions in

FKBP22 might abolish the dimer formation and any

EF-hand domain interactions with other proteins

due to loss of the structure. In addition, the FKBP22

recycling in the ER might be affected through the

secondary calcium binding site, but further investi-

gations are needed to address this possibility.

Mutations in FKBP14 (encoding FKBP22) lead

to a variant of Ehlers-Danlos syndrome,3 which is

known to be caused by mutations in genes encoding

matrix proteins, type III, V, and I collagen, and

tenascin-X, as well as enzymes, lysyl hydroxylase-1,

ADAMTS2, and b-1,4-galactosyltransferase 7.30 It

remains to be elucidated whether FKBP22 has a

direct or indirect effect on folding, trafficking, secre-

tion, or functioning of these proteins or has yet

unknown targets.

In summary, the crystal structure of human

FKBP22, a prototype of FKBP molecules containing

two EF-hand motifs, provides a structural founda-

tion for experimental investigations of the molecular

basis several inheritable extracellular matrix disor-

ders, including Ehlers-Danlos syndrome, Bruck syn-

drome, Osteogenesis Imperfecta, and Dentinogenesis

Imperfecta.

Materials and Methods

Expression and purification of human
recombinant FKBP22

DNA encoding human FKBP14, without the signal

peptide sequence, was amplified from a complemen-

tary DNA clone [MGC, ID 4042173 (Invitrogen)] by

polymerase chain reaction using primers containing

an EcoRI site at the 50 end and a XhoI site after the

stop codon at the 30 end. The DNA was cloned into

the His-6-tag expression plasmid pET30a(1)

(Invitrogen) between the EcoRI and XhoI restriction

sites. The resulting plasmid was transformed into E.

coli strain BL21 (DE3), cells were grown in a Luria

Bertani medium at 37�C to an optical density of 0.6

at 600 nm, the protein expression was induced with

1 mM isopropyl b-D-1-thiogalactopyranoside (IPTG)

and cells were additionally incubated at 20�C over-

night. For the selenomethionine-labeled variant,

human FKBP22 was expressed in methionine-

deficient E. coli strain B834 (DE3) using a medium

composed of SelenoMet Medium Base and SelenoMet

Nutrient Mix (Athena Enzyme Systems). Cells were

harvested by centrifugation and resuspended in B-

PER Bacterial Protein Extraction Reagent (Thermo

Scientific) containing 1 mM CaCl2. Insoluble mate-

rial was removed by centrifugation and FKBP22 in

the soluble fraction was precipitated at 30% (v/v) of

saturated ammonium sulfate. After overnight incu-

bation at 4�C the sample was centrifuged and the

precipitated material was dissolved in the loading

buffer (20 mM 4-(2-hydroxyethyl)-1-piperazineetha-

nesulfonic acid (HEPES) buffer, pH 7.5, containing

1.0M NaCl, 20 mM imidazole, and 1 mM CaCl2).

The protein solution was filtered through 0.22 lm

membrane and applied onto a Co21-chelating col-

umn. After washing with the loading buffer (five col-

umn volumes), FKBP22 was eluted with the elution

buffer (20 mM HEPES buffer, pH 7.5, containing

1.0M NaCl, 500 mM imidazole, and 1 mM CaCl2).

The fractions containing FKBP22 were dialyzed

against the enterokinase cleavage buffer (50 mM

Tris/HCl buffer, pH 8.0, containing 1 mM CaCl2, and

0.1% Tween 20). Enterokinase (1 unit/mL reaction
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volume) (Invitrogen) was used to cleave the His-6-

tag at 4�C overnight, and the sample was dialyzed

against the loading buffer. To inactivate enteroki-

nase as well as remaining endogenous E.coli pro-

teases 1 mL/mL diisopropyl fluorophosphate was

added and the solution was gently stirred on ice for

4 h. The sample was then applied onto a Co21-che-

lating column to bind the His-6-tag. FKBP22 from

the flow through fractions was dialyzed against 20

mM triethanolamine/HCl buffer, pH 7.5, containing

20 mM NaCl and 0.5M urea, loaded onto a HiTrapQ

XL column (GE Health Science), and washed with

the same buffer (five column volumes). Pure

FKBP22 was finally eluted with 30% of 20 mM tri-

ethanolamine/HCl buffer, pH 7.5, containing 500

mM NaCl and 0.5M urea.

Crystallization and data collection

The purified human FKBP22 was dialyzed against 1

mM Tris/HCl, pH 7.2, containing 0.05 mM CaCl2
and concentrated to about 3 mg/mL using the 10-

kDa cut-off spin concentrator (Amicon). Both native

and selenomethionine-labeled proteins were crystal-

lized at room temperature using the hanging drop

vapor diffusion method. For crystallization, 2 lL of

the protein solution was mixed with 1 lL of the res-

ervoir solution containing 0.1M MES, 25% 1,2-pro-

panediol, and 11–12% polyethylene glycol 20,000,

pH 7.0–7.2. The crystals appeared within 1–2

weeks.

Data collection was performed using crystals

flash-frozen to 100 K on the “NOIR-1” detector sys-

tem at the Molecular Biology Consortium Beamline

4.2.2 of the Advanced Light Source, Lawrence

Berkeley National Laboratory, Berkeley, California.

Crystal structure determination
The diffraction images were indexed, integrated,

and scaled using iMOSFLM31 and SCALA from the

CCP4 suite.32 Selenomethionine crystals were used

for a three-wavelength MAD data collection (Table

II) procedure. The program PHENIX33 was used for

the determination of Se atom positions, phasing,

density modifications, and automatic building of a

partial model (�40%). The map quality was insuffi-

cient for robust manual tracing of the remaining

parts of two FKBP22 molecules. The AMORE pro-

gram34,35 was used within the CCP4 suite32 to find

initial molecular replacement solutions. A crystal

structure of the FKBP domain (residues 19–138) of

human FKBP22 (aka FKBP14, PDB code: 4DIP)

was used as a search model. Two outstanding solu-

tions were generated by AMORE, which corre-

sponded to the FKBP domains in two molecules of

FKBP22. Incorporation of the molecular replacement

solutions into the asymmetric unit increased the

model completeness to �65%. Iterative cycles of

model extension/correction and refinement were per-

formed using the native data set with the aim of

programs COOT36 and PHENIX,33 respectively. At

Table II. Summary of Data Collection and Refinement Statistics

Se-Met FKBP22 Native FKBP22

Data collection
Space group P21 P21

a, b, c (Å) 36.6, 100.1, 58.8 36.4, 101.2, 59.0
a, b, c (�) 90, 99.5, 90 90, 100.0, 90
Resolutiona (Å) 29.3–2.46 (2.59–2.46) 23.2–1.9 (2.00–1.90)
Measured reflectionsa 52,798 (7,324) 125,712 (18,199)
Unique reflectionsa 15,109 (2,176) 33,131 (4,813)
Redundancya 3.5 (3.4) 3.8 (3.8)
Completenessa (%) 99.4 (98.8) 99.8 (99.7)
Matthews coefficient (Å3 Da21) 2.33 2.34
Solvent fraction (%) 47.1 47.5
I/r (I)a 9.3 (2.4) 12.9 (4.2)
Wilson plot B-factor (Å2) 39.8 21.5
Rmerge

a (%) 7.7 (43.5) 6.1 (31.5)
Phasing

PHENIX BAYES-CC/FOM 57.6/0.34
Refinement

R-factor (%) 17.3
Rfree (%) 21.1
Protein/calcium/solvent atoms 3078/5/344
RMSD of bond lengths (Å) 0.006
RMSD of bond angles (�) 1.055
Average B valueb (Å2) 41.2 (40.8)
Ramachandran favored/
allowed/outliers (%)

98.1/1.6/0.3

MolProbity score37 1.46 (96th percentile)

a Values in parentheses are for the highest resolution shell.
b Values in parentheses are for macromolecule atoms.
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the final steps of refinement, three groups of TLS

were applied, two for each FKBP domain of chains A

and B and one for the EF-hand domain dimer (com-

posed of the two EF-hand domains from the two

chains).

Five calcium ions were located in the EF-hand

domains. A short fragment of polyethylene glycol

and one molecule of 1,2-propanediol were fitted in

the extended cavity formed by the EF-hand domains

of the two protein molecules. Another short frag-

ment of polyethylene glycol and a number of 1,2-pro-

panediol molecules were also fitted on the surface of

FKBP22. The quality of the models was assessed

with program MolProbity.37

Data collection and refinement statistics are

summarized in Table II. Figures were generated

with programs PyMOL (http://www.pymol.org) and

CCP4MG.38

Atomic coordinates

The atomic coordinates and structural factors have

been deposited with the Protein Data Bank (PDB

code: 4MSP).

Analytical ultracentrifugation
Sedimentation equilibrium measurements were per-

formed with a Beckman model XLA analytical ultra-

centrifuge. Samples were in Tris buffered saline

containing 1 mM CaCl2. Runs were carried out at 4

or 20�C in an An60-Ti rotor using 12-mm cells and

Epon two-channel centerpieces. The rotor speed

used was 20,000 rpm. Data analysis was performed

using the Scientist software (MicroMath).
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