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Abstract: The emergence of drug-resistant malaria parasites is the major threat to effective malaria
control, prompting a search for novel compounds with mechanisms of action that are different from

the traditionally used drugs. The immunosuppressive drug FK506 shows an antimalarial activity. The

mechanism of the drug action involves the molecular interaction with the parasite target proteins
PfFKBP35 and PvFKBP35, which are novel FK506 binding protein family (FKBP) members from

Plasmodium falciparum and Plasmodium vivax, respectively. Currently, molecular mechanisms of the

FKBP family proteins in the parasites still remain elusive. To understand their functions, here we have
determined the structures of the FK506 binding domain of Plasmodium vivax (PvFKBD) in unliganded

form by NMR spectroscopy and in complex with FK506 by X-ray crystallography. We found out that

PvFKBP35 exhibits a canonical FKBD fold and shares kinetic profiles similar to those of PfFKBP35,
the homologous protein in P. falciparum, indicating that the parasite FKBP family members play

similar biological roles in their life cycles. Despite the similarity, differences were observed in the

ligand binding modes between PvFKBD and HsFKBP12, a human FKBP homolog, which could
provide insightful information into designing selective antimalarial drug against the parasites.
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spectroscopy; X-ray crystallography

Introduction

Malaria is a still threatening disease in many devel-

oping countries, responsible for almost 2 million

deaths annually.1 Human malaria is caused by infec-

tion with one of four related parasitic protozoan spe-

cies: Plasmodium falciparum, Plasmodium vivax,

Plasmodium ovale, and Plasmodium malariae which

are transmitted by the female Anopheles gambiae

mosquito vector, where P. falciparum and P. vivax

are two major malaria causing species.

P. vivax is the major cause of malaria outside

Africa, mainly in Asia and the Americas and is respon-

sible for one third of total malaria cases that occur

worldwide each year.2 The parasite has been neglected

for a long time due to the lack of a system that would
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allow the continuous propagation of the parasite in the

laboratory except in non-human primates.3 Despite its

low fatality rate, P. vivax is associated with severe and

chronic clinical symptoms and often causes relapses

months after a primary infection has cleared.4 More-

over, the emerging resistance to currently available

antimalarial drugs in P. vivax prompt a search for

novel therapeutics against the parasite.5

The immunosuppressive drug FK506 is a 23-

membered macrolide lactone that binds to the pepti-

dylprolyl cis-trans isomerase (PPIase) domain (or

referred to as FK506 binding domain or FKBD) of

FK506-binding proteins (FKBPs).6 FKBPs constitute

a large family of conserved proteins across many

organisms and assist protein folding by catalyzing

the conversion of cis- and trans- rotamers of the pep-

tidylprolyl amide bond of protein substrates. They

are also involved in other cellular processes such as

transcription, translation, cell cycle, and protein as-

sembly.7 Although binding of FK506 to FKBPs

results in the inhibition of their PPIase enzymatic

activity, its immunosuppressive activity has been

demonstrated to occur for the human FKBP12 pro-

tein (HsFKBP12) through an indirect mechanism

that involves calcineurin, a Ca2þ/calmodulin-depend-

ent phosphatase. HsFKBP12/FK506 binary complex

binds to calcineurin and inhibits the dephosphoryl-

ation of the NF-AT transcription factor, impairing its

translocation from the cytoplasm to the nucleus and

leading to a temporary suppression of T- and B-cell

functions.8,9 Thus, FK506 and a new generation of

its synthetic analogues are routinely prescribed to

transplant recipients to prevent graft rejection.

Apart from their immunosuppressive actions, other

clinical effects of these drugs may involve alterna-

tive mechanisms, indicating that FK506 has poten-

tially multiple targets in various tissues and organ-

isms. Using P. falciparum parasite culture, FK506

was shown to have anti-malarial activity.10 The

search for molecular targets of FK506 in the para-

site led to the identification and extensive character-

ization of PfFKBP35, a member of the FKBP family

in P. falciparum,11–15 which is also conserved in

P. vivax, named as PvFKBP35.

Like PfFKBP35, PvFKBP35 is a 35 kDa protein

with an N-terminal FK506-binding domain, a tripartite

tetratricopeptide repeats (TPR) domain, and a Ca2þ/cal-

modulin-binding module (CaM) at its C-terminus. We

have already shown that TPR domain of PfFKBP35

binds to C-terminal pentapeptide of PfHsp9016 and

found that it shows similar interaction pattern like Hop

(Hsp organizing protein) and PP5 (Serine/threonine-

protein phosphatase) protein but different from

FKBP52. Here, we have studied FK506 binding domain

of Plasmodiun vivax with a view to assist the design of

new class of FK506 analogues or novel inhibitor mole-

cules that would be both more specific towards the para-

site enzyme and also devoid of immunosuppressive ac-

tivity, in this study we have determined the free FKBD

of PvFKBP35 (referred to as PvFKBD) by solution

NMR spectroscopy and in complex with FK506 by X-ray

crystallography, respectively. We also examined its

PPIase activity profile, binding mode with FK506 and

the effect of PvFKBD/FK506 complex on calcineurin in-

hibition. We have compared structural and biochemical

properties of PvFKBD with HsFKBP12 which is having

only one FK506 binding domain unlike HsFKBP52,

which contains two copies of FK506 binding domains

one active (FKBD1) and the other inactive (FKBD2),

showing unique catalytic and calcineurin inhibitory pro-

files.17 Therefore, HsFKBP12 provides a good compari-

son model to compare PvFKBP35 which also contains

one FKBD. Our NMR structure of PvFKBD showed

that this is a canonical FKBP with similar structural

fold like other FKBPs.18 Crystal structure of PvFKBD

in complex with FK506 revealed that PvFKBD shows

tight binding to FK506 like PfFKBD,12 the homologous

FKBD domain from P. falciparum (referred to as

PfFKBD) and their modes of interaction with FK506

were similar. However, differences in the ligand binding

mode were seen between HsFKBP12 and PvFKBD. Bio-

chemical studies of both parasites FKBDs showed ca-

nonical rotamase activity and FKBD/FK506-mediated

calcineurin inhibitory profiles. These results indicate

that the parasite FKBP family members play a similar

biological role in the Plasmodium parasites, and the dif-

ferences observed between the binding pockets of

HsFKBP12 and parasites FKBD might provide insights

into designing a novel non-immunosuppressive antima-

larial drug against these two parasites.

Results and Discussion

NMR solution structure of PvFKBD

The NMR solution structure was determined based

on a total of 2734 nontrivial distance constraints

(Table I). The ensemble of 20 low-energy structures

is shown in Figure 1(A). The average root-mean-

square-deviation (RMSD) values relative to the

mean coordinate of 20 representative conformers

were 0.58 6 0.11 Å for the backbone atoms and 0.99

6 0.09 Å for heavy atoms for residues 5–125.

PvFKBD shares the canonical FKBP fold.11,20 There

are no distance violations greater than 0.3 Å or dihe-

dral-angle violations greater than 5�. The structure

of PvFKBD consists of six antiparallel b-strands and

a short central a-helix [Fig. 1(B)]. Overall the active

site pocket of PvFKBD resembles those of PfFKBD

and HsFKBP12 and contains the conserved aromatic

residues (Y43, W77, and F117) that are involved in

binding of FK506. Overlay of N, C0 and Ca atoms

showed that backbone RMSDs between HsFKBP12

and PvFKBD, HsFKBP12 and PfFKBD, PfFKBD

and PvFKBD are 1.3 Å, 1.5 Å, 1.5 Å, respectively

[Fig. 1(C)]. Although PfFKBD and PvFKBD show
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similar topology, differences were observed in the b3/

b4 and b5/b6 loop regions.

Crystal structure of PvFKBD-FK506 complex
The crystal structure of PvFKBD complexed with

FK506 afforded a comparison with the NMR solution

structure in free form and a closer look at the mode

of FK506 binding in the active site. A total of 242

residues, one FK506 molecule and a total of 261

water molecules were included in the final model

which was refined to R and Rfree values of 18.8%

and 23.3%, respectively, at a resolution of 1.66 Å

against data collected from a single native crystal

(Table I). Both molecules in the asymmetric unit are

nearly identical in structure and related to each

other by a non-crystallographic two-fold axis, super-

imposing with a root mean square deviation of

0.40 Å for 121 a-carbon atoms. Two monomers of

PvFKBD assemble to form a covalent dimer by one

intermolecular disulfide bond formed between resi-

dues C105. Some other hydrophobic and hydrophilic

interactions are formed between loops b3-b4 and

b5-b6 (Supporting Information Fig. S1A). Hydrogen

bonds between main chain amide and carbonyl oxy-

gen atoms involve residues G104 and G106 of one

Table I. Structural Statistics of PvFKBD

Crystallographic structural statistics
Data collection

Space group: P 1 21 1
Unit cell

a, b, c (Å): 55.9, 40.9, 56.9
a, b, c (�): 90.0, 109.5, 90.0

Resolution (Å): 21.22–1.66 (1.75–1.66)a

Completeness: 98.4 (90.8)a

Redundancy: 4.9 (4.6)a

No. of measured reflections: 137829
No. of unique reflections: 28288
I/r(I): 30.4 (8.2)a

Rmerge (%): 2.9 (15.0)a

Refinement
No. of reflections (working set/test set): 26851/1425
R factor (Rwork/Rfree): 0.188/0.233
No. of atoms

Protein/ligand/water: 1910, 57, 261
Average B factors (Å2)

Protein/ligand/water: 19.11, 15.67, 34.80
Average R.M.S. deviations

Bond lengths (Å): 0.014
Bond angles (�): 1.502

Ramachandran statistics (%)b

Most favored: 94.6
Additionally allowed: 5.4
Generously allowed: 0.8
Disallowed: 0.0

NMR structural statistics
Experimental restraints

Unambiguous NOE restraints
Total: 2434
Short range, |i–j|<1: 1304
Medium range, 1<|i–j|<5: 288
Long range, |i–j|>¼5: 842

Dihedral angle restrains
All: 102
u: 51
W: 51

Hydrogen bond restrains: 72
No. of violations

Restraint violations > 0.3 Å: 0
Dihedral angle violations > 5�: 0

Average R.M.S. deviations (Å)
Backbone atoms: 0.58 6 0.11
All heavy atoms: 0.99 6 0.09

Ramachandran statistics (%)b,c

Most favored: 82.3
Additionally allowed: 17.3
Generously allowed: 0.4
Disallowed: 0.0

a Values in parentheses refer to the corresponding values
of the highest resolution shell.
b The geometry of the final model was checked with
PROCHECK.19

c Average RMSD to mean for top 20 structures and Rama-
chandran plot were for residues 5–125.

Figure 1. NMR solution structure of PvFKBD. (A) Backbone

ensemble of 20 conformers with lowest energy is shown

superposed. (B) Ribbon drawing of FKBD of PvFKBP35

(PDB ID: 2KI3). (C) An overlay of the backbone heavy atom

trace (N, C0, Ca) of the NMR structures of HsFKBP12

(Blue), PfFKBD (green), PvFKBD (Red) is shown. [Color

figure can be viewed in the online issue, which is available

at www.interscience.wiley.com.]
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PvFKBD molecule and residues G106 and G104 of

the other molecule (Supporting Information Fig.

S1B). Side chain of H67 also makes hydrogen bond

with main chain of R60 (Supporting Information

Fig. S1B). But we noticed that in solution and in dis-

solved crystals there is no formation of disulfide

bond, indicating that the disulfide bond is a crystal-

lization artifact. FK506 binds in a shallow cavity

between the a-helix and the b-sheet. Loops compris-

ing residues 56–63, 69–74, and 95–114 flank the

binding pocket [Fig. 2(A)]. The binding pocket is

lined with conserved hydrophobic residues Y43, F64,

V73, I74, W77, Y100, and F117. The indole ring of

the strictly conserved W77 in the a-helix serves as

the platform for the pipecolinyl ring of FK506 [Fig.

2(B)]. The buried surface of 655 Å2 is comparable to

the value found for FK506 in complex with FKBD

domain of P. falciparum12 [Fig. 3(A)]. The hydrogen

bonds observed in the interaction between PfFKBD

and FK506 were also observed in the complex

between PvFKBD and FK506 (Table II). Overall

PvFKBD reveals a fold similar to that of PfFKBD.

Pairwise superimposition of binding pocket of

PvFKBD and PfFKBD revealed that both proteins

Figure 2. X-ray crystallographic structure of FKBD domain

of P. vivax in complex with FK506. (A) The overall structure

in complex with FK506 is shown as a ribbon diagram.

FK506 ligand is shown with residue side chains depicted in

a stick representation (carbon colored grey, nitrogen

colored blue, and oxygen colored red). (B) The 2Fo-Fc
electron density map encountered at the 1.0 r level at the

region of ligand FK506. The residues near the FK506 are

labeled and displayed as stick model in element colors

(green, C; blue, N; red, O). Hydrogen bonds are

represented by black dashed lines. [Color figure can be

viewed in the online issue, which is available at

www.interscience.wiley.com.]

Figure 3. FK506 binding site of PvFKBD. (A) Electrostatic

surface representation of the residues near the FK506

binding sites in PvFKBD. The position of bound FK506 is

shown as stick model in element colors (yellow, C; blue, N;

red, O). Positive and negative charges are in blue and red,

respectively. (B) Superimposition of the FK506 binding site

of PvFKBD and PfFKBD. Residues of PvFKBD and PfFKBD

are labeled and colored in green and red respectively.

[Color figure can be viewed in the online issue, which is

available at www.interscience.wiley.com.]
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have similar interactions with FK506 [Fig. 3(B)].

Taken together, our data indicate that the Plasmo-

dium parasite FKBP family members share similar

molecular mechanism and biological roles in their

life cycles.

Ligand-induced conformational changes of
PvFKBD

The RMSD value calculated by superimposition of the

main chains of apoenzyme PvFKBD and FK506-

bound PvFKBD is 1.40 Å for 121 a-carbon atoms.

Most of the secondary structural elements of apoen-

zyme were superimposed in FK506-bound PvFKBD

without major differences. However, differences were

seen in the loops connecting strand b3–b4, and strand

b5–b6 (Fig. 4). To examine the ligand-induced confor-

mational changes, 2D 1H-15N HSQC NMR spectros-

copy was performed in the absence and presence of

FK506. As shown in Figure 5(A), chemical shift per-

turbations were observed in and around the active

site pocket specially in Y43, D55, F64, V73, I74, W77,

Y100, and F117 residues [Fig. 5(B)], suggesting that

binding pocket is similar in solution and in the crystal

[Fig. 5(C)]. Chemical perturbations were also found in

the b3/b4 (S57, N61), a1/b5 (C80, V81), and b5/b6

loops (Y100, N112) [Fig. 5(A)], indicating that the con-

formational changes occurring in these regions are

due to the complex formation (Fig. 4). In addition, the

heteronuclear 1H-15N NOE measurements for the dy-

namics of backbone amide of PvFKBD suggest that

some of residues are rigidified in the presence of

FK506 [Fig. 6(A)], specifically residues present in b3/

b4 loop (N61), a1/b5 (V81) loop, and b5/b6 loop (N112)

[Fig. 6(B)], giving further evidence to support the con-

formational changes in PvFKBD upon the complex

formation with FK506. But the ligand-induced confor-

mational change of PvFKBD was not as significant as

what was observed with PfFKBD/FK506 complex

formation.12

Biochemical and structural comparison of

PvFKBD and other FKBP family members
To assess the catalytic profiles of PvFKBP35 and

other FKBP family members, the PPIase activity of

PvFKBD was measured and compared with those of

PfFKBD and HsFKBP12. Our results showed that

HsFKBP12 exhibits highest catalytic efficiency fol-

lowed by PvFKBD and PfFKBD (Table III). We then

measured the inhibitory effect of FK506 on the

PPIase activities of HsFKBP12, PfFKBD, and

PvFKBD, showing corresponding IC50 values of

100 nM, 260 nM, and 160 nM, respectively (Table

III). We also tested the inhibitory effect of PvFKBD/

FK506 complex on the calcineurin activity and com-

pared with those of HsFKBP12/FK506 and PfFKBD/

FK506 complexes. Our results demonstrated that

the FKBP family members complexed with FK506

inhibit calcineurin activity (Fig. 7) to a similar

degree, suggesting that the FKBP members tested

Table II. Interactions between FK506 and PvFKBD

Nonpolar contacts

FK506 region

PvFKBD

Molecule Residues

C1 A V73, I74, Y100
C2-N7 A Y43, F64, V73, W77, Y100
C8-C9 A Y43, F54, D55, Y100, F117
C10-C14 A Y43, D55, Y100, I109
C15-C17 A Y43, D55, R60, F64
C18-C23 B Y43, D55, F64, W77
C24-C26 A F64, E72
C27-C34 A G49, Y100

B C105, G106, E107, S108, I109

Hydrogen bonds

Ligand PvFKBD
Donor-acceptor

distance (Å)

C1 carbonyl A I74 N 2.88
C8 carbonyl A Y100 OH 2.60
C10 hydroxyl A D55 Ob 2.84
C24 hydroxyl A E72 carbonyl 3.33
C32 hydroxyl B C105 carbonyl 2.70
C32 hydroxyl B S108N 3.13

Figure 4. Superimposition of the backbone traces of

apoenzyme PvFKBD colored in pink (b3-b4 and b5-b6
loops colored in gray) and FK506-bound PvFKBD colored

in green (b3-b4 and b5-b6 loops colored in red). Regions

showing differences are highlighted with arrows and

labeled. FK506 ligand is shown as yellow sticks. [Color

figure can be viewed in the online issue, which is available

at www.interscience.wiley.com.]
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in this study share canonical profiles of the binary

complex formation between the FKBPs and FK506

and subsequent suppression of the phosphatase ac-

tivity of calcineurin upon ternary complex formation

of FKBPs/FK506/calcineurin.

Some differences were observed between human

and parasites chaperones in their ligand binding

pockets. H87 and I90, which are present in the loop

between b5 and b6 strands of HsFKBP12, are differ-

ent from parasite FKBDs.12 These two hydrophobic

residues are replaced with C105/C106 and S108/S109

in PvFKBD and PfFKBD, respectively. In HsFKBP12,

H87 and I90 along with I91 form a hydrophobic

pocket for methyl group present on the C11 position

of FK506 and even form contacts with tetrahydro-

pyran ring (Fig. 8). But in parasite’s FKBDs such

kind of interactions were not observed, suggesting

that any small molecule or FK506 analogue which

could target cysteine as well as serine residues and

binds to binding pocket and devoid of immunosup-

pressive function would be specific for parasites pro-

teins. Another approach would be introducing bulky/

hydrophobic groups on C11 methyl group of FK506

and its derivatives may decrease the binding affinity

to FKBP12 due to steric clashes with hydrophobic

pocket formed by H87, I90, and I91.

In conclusion, NMR solution structure of free

PvFKBD and crystal structure in complex with

FK506 reveal a canonical FKBD fold and ligand bind-

ing mode, which is similar to those of PfFKBP35. De-

spite the similarity, our structural data revealed

minor differences between PvFKBD and HsFKBP12,

suggesting that the high resolution crystallographic

structural information gained in this study might pro-

vide insights into designing potentially non-immuno-

suppressive bifunctional antimalarial drugs against

both P. falciparum and P. vivax by targeting either

PvFKBP35 or PfFKBP35 alone.

Figure 5. NMR chemical shift perturbation analysis of PvFKBD upon complex formation with FK506. (A) Overlay of 2D 1H-15N

spectra of 15N- labeled PvFKBD in the absence (blue) and the presence (red) of non-labeled FK506 at a molar ratio

(PvFKBD:FK506) of 1:2. (B) Averages of the 1H and 15N chemical shift changes on the two spectra in panel A, (d) plotted
against the residue number. (C) Mapping of the residues (yellow) located in and near binding pocket and involve in interaction

with FK506 (shown as stick in blue colour) on the 3Dstructure of PvFKBD (Protein Data Bank entry 2KI3). [Color figure can be

viewed in the online issue, which is available at www.interscience.wiley.com.]
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Materials and Methods

Materials

FK506 was purchased from LC laboratories

(Woburn, MA). Ni2þ-nitriloacetic acid (NTA) was

from Qiagen (Hilden, Germany). HiPrep 16/60

Sephacryl S-200 column was from GE Health-

care (Singapore). Isopropyl-thio-b-D-galactopyrano-

side (IPTG) was purchased from US Biological

(Swampscott, MA). Protein molecular weight marker

was from Bio-Rad Laboratories (Hercules, CA).

Escherichia coli BL21 (DE3) cells and kanamycin

were purchased from Invitrogen (Carlsbad, CA). The

vector pSUMO was from Life Sensors (Malvern, PA).

All other chemicals were purchased from Sigma–

Aldrich (St. Louis, MO). Enzymes were from Roche

(Lewes, East Susex, UK).

Expression plasmids, protein expression, and
purification

The coding sequence of FK506 binding domain (M1

to E126) of PvFKBP35 was amplified from the

genomic DNA of P. vivax (a kind gift from Dr.

Zbynek Bozdech) by polymerase chain reaction. The

following primers were used for cDNA amplification:

forward primer contains BsaI restriction site (50CGC

CGC GGT CTC GAGGT ATG GAG CAG GAG ACC

CTC GAG CAA GTG CAC 30); reverse primer con-

tains BamHI restriction site (50CGC CGC GGA TCC

TTA TTC TCT AAA GCT GAT TAG CTC TAT TTC

30). After amplification, the amplified DNA fragment

was digested with BsaI and BamHI to insert the

product into pSUMO vector and generated pSUMO-

FKBD vector with a hexahistidine tag and sumo

fusion protein at the N-terminus. The resulting

pSUMO-FKBD plasmid was transformed into E. coli

BL21(DE3) cells, and transformed cells were grown

in M9 medium containing 1 g/L of 15NH4Cl or 1 g/L

of 15NH4Cl and 2 g/L of 13C-glucose at 37�C to obtain
15N and 15N/13C uniformly labeled proteins,

Figure 6. (A) Heteronuclear 1H-15N NOE for the backbone amides of PvFKBD. Backbone 1H-15N NOE values as functions of

residue number for PvFKBD were measured. The NOE values for free PvFKBD and complexed with FK506 are colored blue

and red, respectively. The regions showing backbone dynamics changes are labeled. (B) Sections of the regions b3/b4,
a1/b5, and b5/b6 which show backbone dynamics changes upon FK506 binding. [Color figure can be viewed in the online

issue, which is available at www.interscience.wiley.com.]

Table III. PPIase Activity of HsFKBP12, PfFKBD, and
PvFKBD and its Inhibition by FK506

Protein Kcat/Km (M�1S�1) � 105 IC50 (nM)

HsFKBP12 3.1 100
PfFKBD 1.0 260
PvFKBD 1.5 160

Alag et al. PROTEIN SCIENCE VOL 19:1577—1586 1583



respectively. When the cell culture reached Abs600 ¼
0.6–0.8, the protein expression was induced by add-

ing IPTG at final concentration of 1 mM. The cells

were harvested by centrifugation at 18,600 � g for

10 min. Pellet was resuspended in resuspension

buffer (20 mM NaPO4, 500 mM NaCl, 10 mM Imid-

azole), and cells were lysed by sonication for 30 min

on ice. The cell lysate was cleared by centrifugation

at 48,400 � g for 20 min and purified on a Ni2þ-NTA

resin as described before.21 For further purification,

the Ni2þ-NTA elution fractions of 15N-labeled or
15N/13C labeled protein were loaded onto a Super-

dex-200 filtration column (GE Healthcare, Singa-

pore). The NMR samples (0.5 mM) were prepared in

a buffer containing 20 mM NaPO4 (pH 6.8), 50 mM

NaCl, and 1 mM DTT, 0.01% NaN3.

Crystallization

Purified PvFKBD (10 mg/mL) in 10 mM phosphate

buffer, 137 mM NaCl, 2.7 mM KCl, and FK506 was

mixed at a 1:1 molar ratio and subjected to crystalliza-

tion using a CyBio crystallization robot. Crystallization

was performed using sitting-drop vapor diffusion in

96-well plates by mixing 0.2 lL protein solution with

0.2 lL precipitant solution against 0.1 mL precipitant

solution at 277 K. Cubic-shaped crystals were obtained

within two weeks from a reservoir solution comprising

100 mM BICINE pH 9.0, 2.4 M ammonium sulfate.

X-ray data collection and structure refinement

The crystal was transferred into a cryoprotectant

composed of 25% (v/v) glycerol in addition to the com-

ponents of the reservoir solution, mounted in a cryo-

loop (Hampton Research) and flash-frozen in a nitro-

gen-gas stream at 100K. X-ray diffraction data were

collected using a MAR 345dtb image plate mounted

on a Rigaku Micromax-007 HF X-ray generator at a

wavelength of 1.54 Å. The resulting data set was proc-

essed, merged, and scaled using MOSFLM and CCP4

to a resolution of 1.66 Å (Table I).

Initial phases were determined by the molecular

replacement method using Phaser19 with the coordi-

nates of the previously solved structure of FK506

bound PfFKBD (PDB ID: 2VN1) as a search probe.

Rigid body refinement was carried out followed by

difference Fourier syntheses calculations. Inspection

of the FO–FC and 2FO–FC maps of protein-ligand

complexes clearly showed electron density corre-

sponding to the bound ligand. Iterative cycles of

Figure 7. Inhibitory effect of PvFKBD on the phosphatase

activity of calcineurin. Calcineurin-inhibitory activity by

PvFKBD was examined in the absence or presence of

FK506. For comparison, PfFKBD and HsFKBP12 were also

used in the assay. The calcineurin activity was measured

by observing the release of phosphate. In the assay, 5 lM
of proteins and 10 lM of FK506 were used. The

phosphatase activities represent averages of three

independent experiments.

Figure 8. Structural differences in binding pockets of human and parasite FK506 binding domains. (A) The hydrophobic

residues (H87, I90, and I91) on the loop between b5 and b6 which can interact with methyl group present on the C11 position

of FK506 are shown. Human FKBP12 crystal structure with FK506 (PDBID: 1FKJ) was utilized to highlight the interaction

pattern. (B) The variant amino acid residues in PvFKBD and PfFKBD (C105/106, S108/109, and I109/110, respectively) which

replaces the H87, I90, and I91 of human FKBP12 are highlighted with sticks. Human FKBP12, PvFKBD, PfFKBD are

displayed in green, blue, and magenta, respectively. FK506 ligand and the residues are indicated with sticks. [Color figure can

be viewed in the online issue, which is available at www.interscience.wiley.com.]
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model building and refinement were carried out

using the programs Coot22 and Refmac23 of the

CCP4 suite. The geometry of the final model was

checked with PROCHECK24 and the figures were

drawn using the program PyMOL.25 The atomic

coordinates and structure factors have been depos-

ited at the Protein Data Bank (PDB ID: 3IHZ).

NMR experiments and structure calculation

NMR spectra were acquired on a Bruker AV700

(equipped with a cryoprobe) spectrometer at 298 K.

Spectra were processed with NMRPipe26 and ana-

lyzed using SPARKY (T.D Goddard and D.G.

Kneller, UCSF, San Francisco, CA). Backbone

assignments were performed using HNCA, HN (CO)

CA, HNCO, HNCACB, CBCACONH spectra. Side

chain assignments were performed by using HCCH-

TOCSY, 13C-NOESY-HSQC, 15N-NOESY-HSQC. Aro-

matic ring resonances were assigned from 13C-

NOESY-HSQC and 15N-NOESY-HSQC. The proton

chemical shifts were referenced to the 2,2-dimethyl-

silapentane-sulfonic acid (DSS) externally. The 15N

and 13C chemical shifts were referenced indirectly to

DSS. The distance restraints were observed from
13C-NOESY-HSQC and 15N-NOESY-HSQC by man-

ual and automated assignment of NOESY spectra by

using CYANA 2.1.27 Dihedral angle restraints were

calculated from chemical shifts using TALOS26and

hydrogen bond restraints, which were obtained

based on protein structure during structure calcula-

tions. Total 100 conformers were generated as initial

structures by CYANA27 from 2434 NOE constraints.

After calculation, initial conformers were sorted by

target function values and the lowest 20 conformers

were selected by their total energy values for display

and structural analysis. The structure was gener-

ated with CYANA 2.1 and visualized by MOLMOL28

and PyMOL.25 NMR data have been deposited in

the RCSB PDB with code 2KI3 and Biological Mag-

netic Resonance Data Bank with code 16260.

Heteronuclear single quantum correlation

(HSQC) NMR spectroscopy and chemical shift

perturbation analysis
Interaction between PvFKBD and FK506 was exam-

ined by 2D 1H-15N HSQC experiment at 298K on a

Bruker Avance700. The 15N labeled PvFKBD

(0.1 mM) was titrated with FK506 (0.2 mM), and the

chemical shift perturbations were analyzed before

and after the addition of FK506. Weighted average

of the 1H and 15N chemical shift changes, d1H and

d15N, respectively, were calculated with the function

of the form, d ¼ [(d1H) 2þ (d15N/6.51)2]1/2.

NMR relaxation measurements
1H-15N heteronuclear nuclear Overhauser effect

(NOE) experiment was carried out at 298 K on a

Bruker Avance700 as described previously.29,30 The

NOE values were measured using a 3 s interscan

delay followed by either proton saturation for 3 s

using a series of 120� 1H pulses or an additional 3 s

delay at 298 K for free PvFKBD and the 1:2

PvFKBD-FK506 complex. NMR data were processed

by using NMRPipe.26

PPIase assay

PPIase activity of recombinant proteins HsFKBP12,

PfFKBD and PvFKBD and FK506 inhibition effect on

this activity were determined using protease-coupled

assays as described previously31 using tetra peptide

substrate succinyl-Ala-Leu-Pro-Phe-p-nitroanilide

(Peptide Institute, inc. Japan). 1 mL of reaction mix-

ture contained 300 lg of a-chymotrypsin from Sigma

(St. Louis, MO), 100 lM of substrate succinyl-Ala-Leu-

Pro-Phe-p-nitroanilide and assay buffer [50 mM

HEPES and 100 mM NaCl (pH 8.0)]. For checking

FK506 inhibition on PPIase activity, stock solution of

FK506 was prepared in methanol and solvent alone

served as control. Reaction was performed at 10�C and

change in absorbance was measured at 390 nm for 5

min in a Shimadzu UV-1601PC UV-vis spectrophotom-

eter. First order rate constants for uncatalyzed (kun)

and catalyzed reactions (kcat) were calculated in the ab-

sence and presence of protein, respectively, and then

catalytic efficiency was calculated as described previ-

ously.31 IC50 values of FK506 for all proteins were cal-

culated from the respective dose curves.

Calcineurin assay

The calcineurin assay was performed using commer-

cial substrate RII (Asp-Val-Pro-Ile-Pro-Gly-Arg-Phe-

Asp-Arg-Val-pSer-Val-Ala-Ala-Glu, MW. 2192) accord-

ing to the protocol provided by the manufacturer

(CalBiochem, USA). The reaction buffer for the assay

contained 50 mM Tris–HCl, pH 7.5, 100 mM NaCl, 6

mM MgCl2, 0.5 mM CaCl2, 0.5 mM DTT, 0.025% NP-

40, and 250 nM calmodulin. The reaction was per-

formed at 37�C for 45 min in 50 lL of final volume and

stopped by adding 100 lL Malachite green dye fol-

lowed by measuring the absorbance at 620 nm. The

release of phosphate was calculated according to the

standard curve as described.32
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