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ABSTRACT: The emergence of multi-drug-resistant strains of Plasmodium parasites has prompted the search
for alternative therapeutic strategies for combating malaria. One possible strategy is to exploit existing drugs
as lead compounds. FK506 is currently used in the clinic for preventing transplant rejection. It binds to a o/f3
protein module of approximately 120 amino acids known as the FK506 binding domain (FKBD), which is
found in various organisms, including human, yeast, and Plasmodium falciparum (PfFKBD). Antiparasitic
effects of FK506 and its analogues devoid of immunosuppressive activities have been demonstrated. We report
here the crystallographic structure at 2.35 A resolution of PFFKBD complexed with FK506. Compared to the
human FKBP12—FK506 complex reported earlier, the structure reveals structural differences in the 55—36
segment that lines the FK506 binding site. The presence in PIFKBD of Cys-106 and Ser-109 (substituting for
His-87 and Ile-90, respectively, in human FKBP12), which are 4—5 A from the nearest atom of the FK506
compound, suggests possible routes for the rational design of analogues of FK506 with specific antiparasitic
activity. Upon ligand binding, several conformational changes occur in PfFKBD, including aromatic residues
that shape the FK506 binding pocket as shown by NMR studies. A microarray analysis suggests that FK506
and cyclosporine A (CsA) might inhibit parasite development by interfering with the same signaling pathways.
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Malaria is a devastating disease affecting humans, with
several hundred million cases worldwide and more than
a million deaths per year (/). Human malaria is caused
by infection with one of the four related intracellular
protozoan species, Plasmodium falciparum, Plasmodium
vivax, Plasmodium ovale, and Plasmodium malariae,
which are transmitted by the female Anopheles gambiae
mosquito vector. Among these, the P. falciparum parasite,
which causes the most severe form of the disease, has
developed resistance to many drugs currently in use (2),
thereby prompting the search for new therapeutics. One
possible strategy for the development of antiparasitic
molecules is to exploit existing drugs or druglike com-
pounds that are amenable to chemical modifications to
render them more effective and specific against the parasite
(3). FK506 is a 23-member macrolide lactone and potent
immunosuppressant that binds to the peptidylprolyl
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cis—trans isomerase (PPIase)! domain (hence also known
as the FK506 binding domain or FKBD) present in various
FK506-binding proteins (FKBPs) (4). FKBPs constitute
a large family of conserved proteins found across many
organisms that assist protein folding by catalyzing the
conversion of cis and trans rotamers of the peptidyl—prolyl
amide bond of protein substrates (5). Although binding
of FK506 to the FKBPs results in the inhibition of their
PPIase enzymatic activity, its immunosuppressive activity
has been demonstrated to occur for the human FKBP12
protein through an indirect mechanism that implicates
calcineurin, a Ca>*/calmodulin-dependent serine-threonine
protein phosphatase. Once formed, the FK506—FKBP12
binary complex binds to calcineurin and inhibits its
enzymatic activity. As a result, the level of phosphory-
lation of the NF-AT transcription factor decreases, impair-
ing its translocation from the cytoplasm to the nucleus
and leading to a temporary suppression of T- and B-cell
functions (6, 7). Thus, FK506 and a new generation of
its synthetic analogues are routinely prescribed to trans-
plant recipients to prevent tissue rejection. Apart from their
immunosuppressive actions, other clinical effects of these

! Abbreviations: FKBP, FK506-binding protein; PPlase, peptidyl-
prolyl cis—trans isomerase; FKBD, FK506 binding domain; TPR,
tetratricopeptide repeat; rms, root-mean-square; PDB, Protein Data
Bank; CsA, cyclosporin A; NMR, nuclear magnetic resonance; NOE,
nuclear Overhauser effect.

© 2008 American Chemical Society

Published on Web 05/09/2008



5952  Biochemistry, Vol. 47, No. 22, 2008

Table 1: Data Collection Statistics for the PFFKBD—FK506 Complex

X-ray source ID14EH1, ESRF

wavelength (A) 0.933

space group P432,2

unit cell dimensions (a, b, ¢; o, f3, ) 63.1 A, 63.1 A, 168.0
A; 90°, 90°, 90°

no. of molecules per asymmetric unit 2

resolution (A) 30.0—2.35 (2.43—2.35)¢

completeness (%) 99.8 (100)¢

no. of reflections 308482

no. of unique reflections 14883

average I/o(]) 41.1 (8.9)*

Ruerge (%) 9.7 (38.2)°

“ Statistics of highest-resolution shell are given in parentheses.

Table 2: Refinement Statistics and Quality Indicators

no. of reflections (working set/test set) 14092/733
R factor (Ryork/Riree) 0.195/0.251
no. of atoms (protein/water/ligand) 1938/164/104
mean B factors (A2) (protein/water/ligand) 34.9/36.5/24.5
rmsd for bonds (A) 0.005
rmsd for angles (deg) 1.25
Ramachandran plot”

residues in the most favored regions (%) 92.3

residues in the additionally allowed regions (%) 7.7

residues in the generously allowed regions (%) 0

residues in the disallowed regions (%) 0

“ As defined by PROCHECK (42).

drugs may involve alternative mechanisms, leading to the
speculation that FK506 has potentially multiple targets
in various tissues and organisms (8). Using a P. falciparum
parasite culture, Bell and colleagues demonstrated that
FK506 has antiparasitic activity (9). The search for the
molecular target of FK506 in the parasite resulted in the
identification and characterization of a single new member
of the FKBP family of proteins that was christened
PfFKBP35 (10-12). PfFKBP35 is a 35 kDa protein with
an N-terminal FK506 binding domain, a tripartite tetratri-
copeptide repeats (TPR) domain, and a putative calmodu-
lin-binding module at its C-terminus. PFFKBP35 belongs
to the subfamily of large FKBP proteins that includes
several human proteins such as FKBP38, FKBP51, and
FKBP52. The PfFKBP35 protein exhibits PPlase activity
and assists protein folding, suggesting that it also functions
as a chaperone enzyme in the parasite (/0, 12). Both the
PPIase and chaperone activities can be inhibited by
FK506 (10, 12) as well as by FK520 and several of their
non-immunosuppressive analogues (/3). Of great interest,
several non-immunosuppressive analogues of FK520
inhibit P. falciparum growth, when present in the cell
culture medium in the micromolar concentration range
(13). Thus, PfFKBP35 is a possible target for antimalarial
drug discovery. With the aim of assisting the design of
FK506 analogues that would be both more specific toward
the parasite enzyme and devoid of immunosuppressive
activity, we determined the X-ray crystallographic struc-
ture of FKBD from PfFKBP35 (hereafter named PfFKBD)
as a complex with FK506 to a resolution of 2.35 A. We
compare this structure with the previously reported
solution structure of the free FKBD domain of PfFKBP35
determined by NMR (7/4). Several regions of the PFFKBD
protein change conformations upon binding, including
aromatic residues that make direct contact with the ligand,
as shown by NMR experiments. In spite of an overall well-
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conserved ligand binding site compared to human FKBP12
described earlier, the PfFKBD structure reveals subtle
differences in strands 3 and 4 and the 53— /34 loop and
in the 85—p6 segment that lines the FK506 binding
pocket. Of note, two of its residues are 4—5 A from the
nearest atom of the ligand, providing opportunities to alter
the FK506 compound to increase its specificity for the
Plasmodium parasite protein. Finally, using microarray
analysis, we show that FK506 and CsA affect the
transcription profile of the “early shizont” development
in an analogous manner, leading to developmental arrest
and parasite death.

MATERIALS AND METHODS

Protein Expression and Purification. PFFKBD was cloned
with a hexahistidine tag at its C-terminal end, expressed, and
purified as described previously (/5). Briefly, the coding
sequence of PFFKBD was amplified from the genomic DNA
of P. falciparum strain 3D7 and cloned into pET29b. The
plasmid was transformed into Escherichia coli BL21(DE3)
cells which were grown at 37 °C in the presence of
kanamycin, until ODgg reached 0.7. Protein expression was
induced with 1 mM IPTG and was carried out at 25 °C for
3 h. The recombinant protein was purified by Ni-NTA metal
affinity purification followed by gel filtration.

Crystallization and Data Collection. An automated initial
crystallization screen was performed using a CyBio-crystal
creator robot (Jena Biosciences) with the protein at a
concentration of 15 mg/mL that had been previously mixed
with the FK506 ligand to a final concentration of 1 mM. A
volume of 200 nL of the mixture was added to an equal
volume of the crystallization solution using the sitting drop
vapor diffusion method. Crystals were obtained at 291 K
with the “Grid Screen Sodium Malonate” (Hampton Re-
search) using the precipitating solution (3.4 M sodium
malonate at pH 4). After optimization, larger crystals up to
0.2 mm x 0.2 mm x 0.1 mm in size were grown using 2.7
M sodium malonate at pH 5. Before data collection, crystals
were transferred to a cryoprotecting solution containing 3.4
M sodium malonate at pH 5 and cooled to 100 K in a gaseous
nitrogen stream using an Oxford cryosystem. Diffraction
intensities were collected at the ESRF (Grenoble, France)
to a resolution of 2.35 A using one single crystal and were
integrated with DENZO and merged and scaled using
SCALEPACK (/6).

Structure Solution, Refinement, and Model Analysis. The
structure of the complex between the PfFKBD protein and
FK506 was determined using the molecular replacement
software MrBUMP (/7) with the FKBD protein from yeast
(PDB entry 1YAT) (I8) as a search probe. The structure
was refined using molecular dynamics and simulated an-
nealing as implemented in CNS (/9), with positional and
individual temperature factor refinement. Throughout the
whole refinement procedure, noncrystallographic restraints
were applied between the two independent molecules of the
asymmetric unit. The computer graphics software O was used
for model rebuilding between refinement cycles (20). Analy-
sis of the atomic model was carried out with the CCP4 suite
of programs (21). The refined coordinates and structure factor
amplitudes have been deposited in the PDB as entry 2VNI.
A model of a ternary complex of PfFKBD, FK506, and
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FIGURE 1: (A) Representation of the complex formed between the FK506 binding domain of PfFKBP35 and FK506 (represented as sticks
with carbon atoms colored black and oxygen atoms red). The protein secondary structures elements are labeled and colored from blue at
the N-terminus to red at the C-terminus. (B) Representation of the PFFKBD dimer present in the asymmetric unit. Helices are colored red
and cyan and sheets yellow and orange. Bound FK506 molecules are shown as sticks. The $3—[4 and 35—/36 loops are colored purple
(molecule A) and dark blue (molecule B, prime). (C) Sequence alignment of the FK506 binding domain from PfFKBP35 with FKBDs from
other parasites: PyFKBP, Plasmodium yoeli yoeli FKBP (GenBank accession code XP_730233); PvFKBP, P. vivax FKBP (XP_001613999);
PcFKBP, Plasmodium berghei FKBP (XP_672280), Plasmodium chabaudi FKBP (XP_736859); PbFKBP, TbFKBP, T. brucei FKBP
(XP_828079); LmFKBP, L. major FKBP (XP_001682742). The secondary structure elements shown above the alignment are for the complex
between PfFKBD and FK506. The black asterisks below the alignment indicate conserved residues within the FK506 binding site, while
the purple asterisks indicate Cys106 and Ser109 of the f6—/7 loop (see the text). Strictly conserved residues are highlighted in red and
partially conserved residues in yellow. (D) Stereoview of the intermolecular interface formed between the two independent PFFKBD molecules
(colored gray and cyan) in the asymmetric unit. The FK506 molecule trapped in the interface is colored black. Hydrogen bonds are shown
as dashed lines.
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FIGURE 2: FK506 binding site of PfFKBD. (A) Stereoview of the simulated annealing difference Fourier map with |Fpsl — |Fcal coefficients
and phases calculated from the protein model with atoms from the ligand omitted and contoured at a level of 30. The bound FK506
molecule is displayed as yellow sticks. Residues from PfFKBD interacting with FK506 are colored gray and labeled. Hydrogen bonds are
represented by black dashed lines. Residues Cys-106 and Ser-109 are colored cyan (see the text). The shortest distance between the ligand
and the PfFKBD protein is between Cys-106 and the methyl group C35 from FK506 and is 3.9 A (shown as a red dashed line). (B)
Stereoview of the superposition of the FK506-binding site of PfFKBD (gray) and human FKBP12 (green). Residues binding FK506 are
labeled. Differences between the two binding pockets are at residues His-87 and Ile-90 of human FKBP12 which are substituted with
Cys-106 and Ser-109, respectively, in the P. falciparum enzyme (see the text). (C) View from a different angle of the FK506 binding site
of PfFKBD. Residues Cys-106 and Ser-109 are highlighted in cyan, and their distances from the nearest atoms of the FK506 ligand are
indicated as red dashes. The atoms of FK506 are labeled with the positions of atoms C11, C35, and O6 highlighted in bold. (D) Chemical
structure of FK506 (tacrolimus). Substitutions of the methyl group at position 11 of the macrocycle might render the compound more
specific toward the P. falciparum enzyme (see the text).
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Table 3: Interactions between FK506 and PfFKBD

Nonpolar Contacts®

ligand region PfFKBD residues

Cl V74,175, Y101

C2—N7 Y44, F65, V74, W78, Y101
C8—C9 Y44, F55, D56, Y101, F118
C10—C14 Y44, D56, Y101, C106, 1110
C15—C17 Y44, D56, R61, F65
C24—C26 F65, E73

C27—-C34 175, (G100), Y101

Hydrogen Bonds

ligand PfFKBD donor—acceptor distance (A)
C1 carbonyl 175 N 3.14
C8 carbonyl Y101 OH 2.75
C10 hydroxyl D56 O 2.69
C24 hydroxyl E73 carbonyl 2.62
C9 carbonyl Y44 CSH 3.72
C9 carbonyl F55 CfH 3.24
C9 carbonyl F118 CSH 3.58

“Nonpolar contacts are shown for distances of <4.0 A. The two
amino acid substitutions compared to human FKBP12 are shown in
bold. The carbonyl oxygen of Gly-100 (which substitutes for Ala-81 in
human FKBP12) is 4.53 A from the C45 methyl group of FK506 and
thus no longer in direct contact with the ligand, as was the case for the
corresponding carbonyl oxygen of Ala-81 in human FKBPI2 (distance
of 3.44 A).

calcineurin was obtained by superposition of PfFKBD as a
rigid body onto the human FKB12 of the ternary complex
(PDB entry 1TCO), using the CCP4 suite of programs.

NMR Sample Preparation. For NMR experiments, the
uniformly "N-labeled or '*N- and *C-labeled PfFFKBD was
prepared by growing the cells in the M9 medium supplied
with 1 g/L BNH,Cl or 1 g/L PNH,Cl and 1g/L ["*C]glucose
(22). The purified sample contained 20 mM NaPO, (pH 6.5),
50 mM NaCl, 1 mM DTT, and 0.01% NaNj in a 9:1 H,O/
D,0 mixture, with a final protein concentration of 0.5 mM.
FK506 (Tacrolimus) was purchased from LC Laboratories
(Woburn, MA). The 1:1 complex sample of PfFKBD and
FK506 was prepared from PfFKBD by addition of FK506
and by monitoring two-dimensional (2D) 'H—'"N HSQC
spectra until the protein was saturated. Excess FK506 was
removed by centrifugation. The final protein concentration
in the complex is 0.5 mM.

NMR Backbone Assignment and NOESY Experiments. All
backbone assignment and NOESY experiments (23, 24) for
the N- and '*C-labeled or ’N-labeled 1:1 PIFKBD—FK506
complex were carried out at 298 K on a Bruker Avance 700
MHz spectrometer equipped with a cryoprobe accessory.
Backbone 'H, N, and '*C resonances were assigned using
data from 2D 'H—N HSQC, three-dimensional (3D)
HNCACB, and 3D CBCA(CO)NH spectra (23). 3D '“N-
edited and -filtered NOESY spectra were acquired with a
mixing time of 100 ms. Spectra were processed using
Topspin version 1.3 (Bruker) and analyzed with Felix
(Accelrys).

Heteronuclear Single-Quantum Correlation (HSQC) NMR
Spectroscopy and Chemical Shift Perturbation Analysis.
Chemical shift perturbations to "N-labeled PFFKBD were
monitored on a series of 2D 'H—"N HSQC spectra collected
at 298 K with varying molar ratios between the uniformly
I5N-labeled protein and FK506 on the 700 MHz NMR
spectrometer.
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NMR Relaxation Measurements. '"H—"5N heteronuclear
nuclear Overhauser effect (NOE) measurements were carried
outon the 700 MHz spectrometer as described previously (25, 26).
The NOE values were measured using a 2 s interscan delay
followed by either proton saturation for 3 s using a series of
120° 'H pulses or an additional 3 s delay at 298 K for free
PfFKBD and the 1:1 PFFKBD—FK506 complex. Data were
processed by using NMRPipe (27) and NMRView (28).

Microarray Analysis. We analyzed the global transcription
response of P. falciparum to the FK506 and cyclosporin
inhibitors (purchased from Sigma). P. falciparum parasites
were treated at the early schizont stage (~32 h post-invasion,
hpi) with either 200 nM cyclosporin A (CsA) or 250 nM
FK506 (corresponding to approximately 2 x ICyy concentra-
tions for each inhibitor). Genome-wide gene expression
profiling was conducted using a long oligonucleotide rep-
resenting all 5363 P. falciparum genes (29), and the
microarray hybridizations were carried out as previously
described (30). For these experiments, early schizonts of P.
falciparum (32 hpi) were treated with ICsy concentrations
of either CsA or FK506 and mRNA abundance was measured
in samples collected over a period of 8§ h.

RESULTS AND DISCUSSION

Overall Structure. Details of the X-ray data collection
statistics are given in Table 1. Refinement parameters
defining the quality of the atomic model of PfFKBD are
listed in Table 2. The refined crystallographic structure
contains 123 amino acid residues for the two independent
molecules present in the asymmetric unit. Missing amino
acids are located at the N-terminal ends of each monomer
which could not be traced presumably because of their high
mobility in the crystal. The FK506 binding domain of
PfFKBP35 features a half-f3-barrel composed of a seven-
stranded (3-sheet and a short a-helix that sits on the -sheet
platform (Figure 1A). While PfKBD shares 79% amino acid
sequence identity with its homologue protein from P. vivax
which is the other major etiologic agent of malaria in humans,
it reveals more divergent relationships with homologous
proteins from other parasites. Sequence alignments of
PfFKBD with FKBD proteins from Trypanosoma brucei and
Leishmania major reveal amino acid identity levels of 52
and 50%, respectively (Figure 1C). In particular, the residues
that provide direct contact to FK506 are well conserved
across all species, including human FKBP12, in spite of a
low overall level of sequence identity of 42% (Figure 1C).
The two PfFKBD monomers present in the asymmetric unit
can be superposed with an average rms deviation of 0.37 A
for 122 a-carbon atoms. The two independent PfFKBD
molecules are related by an improper noncrystallographic
axis of rotation of 136° with a residual translation needed
to bring them into coincidence. Their interface is formed by
residues that emanate from the $3—/54 and 55—/6 loops with
the formation of several hydrogen bonds that involve residues
GIn-71, Glu-73, Glu-104, and Gly-107 of one monomer with
Asn-62, Val-54, Lys-47, and Asn-62 of the other monomer.
The accessible surface area buried in the interaction is 369
A2, Interestingly, this interface is partially mediated by an
exposed region of the bound FK506 ligand, which is
sandwiched between the two independent monomers and
makes several, mostly hydrophobic, contacts with strands
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FiGURE 3: FK506-induced conformational changes within the PFFKBD protein. (A) Stereoview of the superposition of Ca traces from the
solution structure of unliganded PfFKBD in gray with $3—/4 and 55—/36 loops colored dark blue (PDB entry 20FN) and of FK506-bound
PfFKBD colored yellow ($3—/4 and f5—/36 loops colored red). Regions undergoing large conformational changes are marked with arrows
and labeled. Strand 33 is also labeled. (B) Close-up stereoview of the FK506-binding site. Residues are colored gray for apo-PfFKBD and
yellow for the FK506-bound structure. The FK506 molecule was omitted for clarity.

B2, B3, and 56 of the other monomer (Figure 1B,D). One
hydrogen bond is formed between the C32-hydroxyl moiety
of FK506 and the oxygen amide of Asp-60 from the
neighboring PfFKBD (Figure 1D). The second monomer
roughly occupies the location of the calcineurin in the
FKBP—FK506—calcineurin ternary complex. However, PfFK-
BD elutes as a monomer in solution as shown by gel filtration
experiments (/5). From a structure-based alignment (Figure
1C), we infer that residue Asp-56 of the parasite protein
should play an essential role in its PPlase activity since
mutation of the equivalent residue, Asp-37, to Val inactivates
the human FKBP12 enzyme (31).

PfFKBD—FK506 Complex. Unambiguous residual differ-
ence electron density for one FK506 molecule per monomer
was found in the ligand-binding pocket, a shallow cavity
located between helix a1 and the f3-sheet platform (Figure
2A). FK506 appears well-ordered with temperature factors
similar to those of neighboring protein side chain atoms that
make contact with the ligand (Table 2). The buried surface
area of 854 A? for the interaction is comparable to values
found for FK506 in complex with the human and yeast
FKBP12 proteins. The binding pocket is lined with conserved
residues Tyr-44, Phe-65, Val-74, Ile-75, and Phe-118 (Fig-
ures 1C and 2). f3—f4, f4—a.l, and 85— 56 loops (encom-
passing residues 57—64, 69—75, and 96—115, respectively)
flank the binding pocket. The strictly conserved Trp-78 that

emanates from the o-helix serves as the platform for the
pipecolinyl ring of FK506 (Figure 2B). Other residues which
are <3.9 A from FK506 include Phe-55, Asp-56, Arg-61,
Glu-73, and Tyr-101 (Figure 2B and Table 3). The network
of hydrogen bonds which were observed in the interaction
between human FKBP12 and FK506 (32, 33) is also present
in the complex between FK506 and PfFKBD (Table 3).
Conformational Changes of PfFKBD upon Ligand Bind-
ing. The solution structure of the PfFKBD apoenzyme was
determined previously by NMR spectroscopy (PDB entry
20FN) (14). A superposition of the two PfFKBD structures
returns an overall rms deviation of 2.3 A for 111 o-carbon
atoms. Via restriction of the comparison to the protein core
(residues 18—26, 38—53, 72—101, and 111—125), the value
is reduced to 1.5 A. The temperature factors for the FK506-
bound enzyme as well as the values of the rms deviation
per residue compared to the apoenzyme are shown in Figure
6B. Conformational changes between the apo and FK506-
bound structures are observed in the loops that connect strand
33 to strand 34, strand /34 to helix a1, and strand 35 to strand
J6 that acts as a “flap” closing up onto the ligand (Figures
3A and 6). A conspicuous difference between apo and ligand-
bound PfFKBD is the change in the direction of the main
chain that occurs at residue 55 with its ¥ angle switching
from 124° to —15° upon FK506 binding. As a result, the
whole region encompassing residues 55—64 shifts toward



FK506 Binding to P. falciparum FKBP35

Biochemistry, Vol. 47, No. 22, 2008 5957

A 0.0 0.4 0.6 0.8 1.0
free _——1 FK506/PfFKBD bound
D56 1200 20.0+ @ 1200 20.0 @
120.5 120.5¢ 1205 120.5¢ a
o
©
N62 115 115 115 (@‘ 115 é

1
H (ppm)
B PfFKBD
1.5
— 1_
< ;-
O 05
= 97 I
N 051 '
o b 1 db
B3 p4
B IO T B B R R R R R R R R R R R R EEIEEEEEEEEEEEERRE)
1 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100 105110 115 120 125 130 135
Residue Number
PfFKBD + FK506
1.5
<
g0,5—
— 0‘
8-0,5— IHI l
n aly  ip
-1.5’Wmﬁﬁmmwwmww£§ﬁwmﬁﬁﬂwmﬁmﬂmﬁﬂmmﬁvﬁmﬁww

15

10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100 105 110 115 120 125 130 135

Residue Number

FIGURE 4: (A) Sections of the 'TH—1’N HSQC spectra recorded with ’N-labeled PfFKBD in the presence of FK506. The chemical shifts of
the indicated amino acids (Asp-56 in 33 and Asn-62 in the 33—/34 loop) were changed upon addition of increasing amounts of FK506. The
numbers on the top indicate the molar ratios of FK506 to PfFKBD. Data were recorded at 298 K on a 700 MHz spectrometer. (B) CSI plots
on 3CA indicating secondary structure prediction. The observed chemical shifts were compared with random coil chemical shift standards,
and a chemical shift index (—1, 0, 1) was assigned to each residue (34). The residues exhibiting the largest secondary structure changes are
indicated with ovals. The changes with continuous negative values, which indicate a preference for 3-stranded structure, were observed in

portions of strands 33 (residues 53—57) and 34 (residues 65—68).

the ligand. The largest displacement is observed at residue
58 which moves by approximately 10 A. This movement is
accompanied by an extension of strand 3 and a shift of
strand 34 toward the ligand by approximately 5 A (Figure
3A). When FK506 binds, the 5—/6 flap also moves away
from the ligand binding site as the position of Tyr-100 in
the PfFKBD unliganded form would cause steric hindrance
with FK506. The extension of 33 followed by movements
of the $3—4 and f4—al loops results in the shift of Ser-
58 and repositions residues Phe-55, Asp-56, Arg-61, and Phe-
65 for interaction with FK506. Accompanying movements
of the side chains of residues Tyr-44, Glu-73, Ile-75, Trp-
78, and Phe-118 are also observed in the crystal structure.
As a caveat, we note that the $3—/4 region (but not the

B5—[6 flap) is involved in crystal packing contacts with one
symmetry-related molecule.

To rule out the effects that might be provoked by crystal
packing contacts, we first performed 2D HSQC NMR
titration experiments with '>N-labeled PfFKBD by adding
increasing amount of FK506. As shown in Figure 4A,
chemical shift perturbations of the residues in the 3—[4
region were detected upon addition of FK506, suggesting
that the change in the region is due to formation of the
complex. We also compared NMR backbone chemical shift
index (CSI) values between apo and ligand-bound PfFKBDs.
CSI analyses (34, 35) on *C* (CA) and '*C# (CB) indicate
that FK506-bound PfFKBD shares a similar secondary
structure with apo-PfFKBD, except the portions of strands
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FIGURE 5: NOE strips showing cross-peaks for residues Gly-46, Asp-56, and Ser-57. Short- and long-range NOE cross-peaks are indicated
in the slices of 3D "N-edited NOESY-HSQC spectra of free PFFKBD (A) and PfFKBD complexed with FK506 (B). The residues and the
corresponding >N chemical shifts are indicated at the top of each slice, and the cross-peaks are identified by the residue number. Additional
inter-residue NOEs detected in the complex are highlighted with ovals. The assignments of the NOEs were confirmed by comparing 3D

N-filtered NOESY-HSQC spectra.

p3 and 54 on CA (Figure 4B). CSI values of the complex
predict that strands 33 and /34 are better defined upon FK506
binding and strand 3 in the complex is extended by
including additional residues (53—57), as compared to the
free PAFFKBD NMR structure that shows strand 53 with fewer
residues (53 and 54). The conformational change upon ligand
binding is further confirmed by NOE connectivity. Additional
inter-residue NOEs were detected upon complex formation;
NOE cross-peaks between backbone amide protons of
residues 46 and 55 appeared, and a strong NOE cross-peak
between the a-proton of residue 57 and the amide proton of
residue 46 was observed in the ligand-bound state (Figure
5). In addition, heteronuclear 'H—'N NOE measurements
for the backbone amide of PfFKBD suggest that some of
the residues located in the extended /33 (residues 55 and 57)
and loops connecting strand 33 to strand 4 (residues 60—63)
and strand f36 to strand 37 (residues 107—114) are rigidified
in the presence of FK506 (Figure 6A), giving evidence to
support the conformational changes in PfFFKBD upon forma-
tion of the complex with FK506, under solution conditions.

Together, our NMR data are consistent with the structural
difference observed between the free and ligand-bound
PfFKBDs and also suggest that the solution structure of
PfFKBD would resemble the crystal structure.

Comparison of FK506 Binding Sites of PfFKBD with
Human FKBP12. The contacts established between FK506
and PfFKBD are listed in Table 3, allowing direct compari-
son with the human FKBP12 protein (PDB entry 1FKJ) (32).
As seen in Figure 2B, residues that make direct contacts with
the FK506 ligand are mostly conserved between the two
proteins. Two major differences are found within the 55—/36
loop where His-87 and Ile-90 in human FKBP12 are replaced
with Cys-106 and Ser-109, respectively, in PfFKBD. In the
human FKBP12 protein, the side chains of these two residues
form a complementary surface to the pyranose methyl group
of FK506 and thus play a major role in ligand binding (33).
However, in PfFKBD, the sulfhydryl and hydroxyl groups
of the corresponding residues, Cys-106 and Ser-109, are 3.9
and 5.4 A, respectively, from FK506 and are thus not in
direct contact with the inhibitor (Figure 2C). Interestingly,
sequence alignment of PfFKBP35 with FKBPs from other
Plasmodium species revealed a strict conservation of Cys-
106 across different Plasmodium species while residue 109
is either a serine or a threonine (Figure 1C).

A Model for the Complex between PfFKBD and Cal-
cineurin. Previously, it was shown that recombinant PfFKBP35
reveals FK506-independent or -dependent inhibition on the
phosphatase activity of calcineurin (10, 12, 15). To address
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FIGURE 6: (A) Heteronuclear 'TH—"N NOE for the backbone amides
of PfFKBD. Backbone '"H—"N NOE values as a function of residue
number for PFFKBD were measured. The NOE values for free
PfFKBD and PfFKBD complexed with FK506 are colored black
and red, respectively. The residues showing backbone dynamics
changes are denoted with ovals. (B) Values of rmsd per residue
between the free PFFKBD and PfFKBD complexed with FK506
(plotted as black bars). The temperature factors of the Ca atoms
of PfFKBD complexed with FK506 are plotted as purple triangles.
Regions showing the largest conformational changes are indicated.

the contradictory results and gain structural insights into the
antimalarial effect of FK506, we used the X-ray structure
of the ternary complex of human FKBP12 protein, FK506,
and calcineurin (PDB entry 1TCO) (36) to model a putative
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complex involving the parasite PAFFKBD enzyme (Figure 7).
Sequence alignment shows that the regions of P. falciparum
and bovine calcineurin involved in FKBP—FK506 binding
arerelatively conserved. Interactions between the PFFKBD—FK506
unit and calcineurin would involve atoms from the three
partners with FK506 making contacts with Trp-352, Ser-
353, Pro-355, Phe-356, and Glu-359 of the CnB-binding
a-helix (BBH domain) of calcineurin (36, 37) and residues
51—56 (corresponding to residues 32—37 of human FKBP12)
with its phosphatase domain. Our model suggests that the
structural basis of binding between FK506 and PfFKBD is
similar to that of FKBP12, where the composite surface of
the PFFKBD—FK506 complex is critical for calcineurin
inhibition and binding. However, several differences between
the two ternary complexes are expected, since the 3—/54
loop of PfFKBD possesses an additional residue leading to
a different conformation compared to the human FKBP12
protein and potentially different hydrophobic interactions
with calcineurin. A major difference is observed in residues
106—109 of the S5—[F6 loop (corresponding to residues
87—90 in the human FKBP12 protein) which interacts with
the BBH domain. Their sequence is '®CGES'® for PIFKBP35
and S’HPGI® for human FKBPI12 (Figure 1B). Interestingly,
as noted earlier, residues His-87 and Ile-90 which are
important for calcineurin binding by the human FKBP12
protein (36, 38, 39) are substituted with Cys-106 and Ser-
109, respectively, in PfFKBP35. It remains to be seen
whether these substitutions would result in a loss of affinity
for calcineurin as is the case for the human FKBP12 protein.

Opportunities for Targeting More Specifically the Plas-
modium Enzyme. The availability of an experimental struc-
ture for the complex between FK506 and the FK506 binding
domain of PfFKBP35 should stimulate the design of inhibi-
tors that may have potential as novel antimalarial drugs using
structure-based approaches. One could envision exploiting
the subtle differences observed in the FK506 binding site
between human FKBP12 and PfFKBP35 in the following
way.

The C35 methyl group which is connected to C11 could
facilitate the design of Plasmodiumspecific FK506 analogues
by targeting the sulfhydryl group of Cys-106 (Figure 2C,D).

FIGURE 7: Putative ternary complex of FK506-bound PfFKBD and calcineurin. PfFKBD (yellow) was overlaid onto FKBP12 (pale cyan)
of the FKBP12—FK506—calcineurin ternary complex to construct the ternary complex. FK506 is shown in sticks, and calcineurin is colored

blue and cyan for subunits CnA and CnB, respectively.
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FIGURE 8: Effect of FK506 and cyclosporin A on P. falciparum
development. (A) Parasite morphology was monitored by Giemsa
stain microscopy 4, 8, 14, and 32 h after addition of inhibitor.
During the first 14 h (schizont stage development), no significant
morphological differences were observed between the treated and
untreated parasites. During their subsequent development, the
untreated controls progress to the next generation (formation of
ring stages) while the treated cell remains arrested at the late
schizont stage. The appearance of dense black shrunken (picnotic)
cells 32 h post-treatment is consistent with parasite death. (B)
Genome-wide gene expression profiling was conducted using a long
oligonucleotide representing all 5363 P. falciparum genes. Expres-
sion profiles of 713 genes whose mRNA abundance was altered
by >2-fold in at least one inhibitor treatment are indicated in the
“heat map” generated by hierarchical clustering of the transcription
profiles. The transcription profiles are represented as log2 ratios of
relative mRNA abundance between treated and untreated P.
falciparum parasites across the 8 h of the experimental time course.
Good correlation in the global transcriptional response induced by
both inhibitors points to a similar mode of action, inhibition of
calcineurin-dependent signaling pathways.

Via insertion of an electrophilic group (e.g., a Br or Cl atom)
at this position, a nucleophilic substitution reaction could
lead to the formation of a covalently bound inhibitor solely
for the parasite enzymes and not for the human FKBP12
enzyme which has a histidine residue at this position. Another
option would be to create a Michael acceptor at the same
position. Additional specificity for the parasite versus human
FKBP12 enzyme could be conferred by elaborating on the
06 moiety of FK506 molecule to make use of the presence
of Ser-109 in the same 5—f6 segment.

A Possible Mode of Action of FK506 in Inhibiting Growth
of the P. falciparum Parasite. To improve our understanding
of the biological function of PfFKBP35 and its potential as
a target for antimalaria drug design, we studied the effect of
FKS506 on P. falciparum cells during the schizont stage
development. In addition, we investigated the effect of
cyclosporin A (CsA) which, like FK506, inhibits the cal-
cineurin-dependent signaling pathway in other eukaryotic
cells (40, 41). Interestingly, both FK506 and CsA did not
appear to interfere with the schizont stage development but
inhibited the egress of newly formed merozoites from the
mature schizonts with 50% inhibitory concentrations (ICsg)
of 118 and 88 nM, respectively (Figure 8A). This is in sharp
contrast with two unrelated signaling pathway inhibitors
Roscovitine (CDK-dependent kinase inhibitor) and ML-7
(myosin kinase inhibitor) which disturbed the parasite
morphology already at early schizont stages (Z. Bozdech et
al., manuscript in preparation). We analyzed the global
transcription response of P. falciparum to these inhibitors.
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In agreement with the morphological studies (Figure 8A),
we observed striking similarities between the effect of FK506
and CsA on the parasite cells (Figure 8B). Both inhibitors
affected the transcription of 739 genes with 628 transcripts
exhibiting a >2-fold increase in abundance. Although the
majority of these genes are functionally uncharacterized
(corresponding to 400 “hypothetical proteins™), this group
also includes 56 genes from the variable surface antigen
(VSA) gene families (27 var. and 29 rifin), 33 genes of
ribosomal subunits, 18 genes from the apicoplast genome,
seven protein kinases, and six enzymes involved in protein
ubiquitination pathways. These data indicate that both FK506
and CsA affect the transcriptional profile of the early schizont
development which underlines the eventual developmental
arrest and subsequent parasite death. The specificity of the
FK506/CsA-induced transcriptional response is further sup-
ported by the fact that two unrelated inhibitors of cell
signaling pathways, ML-7 and Roscovitine, affected expres-
sion of distinct groups of genes with minimal overlaps (data
not shown). Taken together our data suggest that PFFKBP35
appears to be essential for the progression of the P.
falciparum life cycle. We speculate that the mode of FK506
and its antimalarial effect may be mediated through targeting
PfFKBP35 and subsequent inhibition of the parasite
calcineurin.

In conclusion, the results presented in this work might
contribute to our understanding of the molecular mechanism
of PfFKBP35 and its role in the parasite life cycle. Specific
inhibition of this function could lead to severe disruption of
parasite development in the host and thus validates PFKBP35
as a suitable target for malaria intervention strategies. Further
inhibitor development should benefit from the detailed
analysis of the Plasmodium enzyme binding site provided
here.
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