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Abstract

Hsp90 is an important cellular chaperone and attractive target for therapeutics against both cancer
and infectious organisms. The Hsp90 protein from the parasite Plasmodium falciparum, the
causative agent of malaria, is critical for this organism’s survival; the anti-Hsp90 drug
geldanamycin is toxic to P. falciparum growth. We have solved the structure of the N-terminal
ATP-binding domain of P. falciparum Hsp90, which contains a principal drug-binding pocket, in
both apo and ADP-bound states at 2.3 A resolution. The structure shows that P. falciparum Hsp90
is highly similar to human Hsp90, and likely binds agents such as geldanamycin in an identical
manner. Our results should aid in the structural understanding of Hsp90-drug interactions in P.
falciparum, and provide a scaffold for future drug-discovery efforts.
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Introduction

The Hsp90 protein chaperone is a highly conserved protein critical for the proper
functioning of various cellular signaling pathways, and serves to mediate appropriate folding
and protein-protein interactions for many important client proteinst. Hsp90 exists as a
homodimer, and contains three domains: An N-terminal GKHL ATP-binding domain (found
also in type Il topoisomerases, CheA-family histidine kinases, and the MutL DNA repair
factor); a middle domain that supports ATP turnover (and which is also shared with type Il
topoisomerases and MutL); and a C-terminal dimerization domainl~3. Hsp90 undergoes
large conformational changes during its ATPase cycle. Before ATP binding, the N-terminal
and middle domains splay open like a pair of jaws, exposing various hydrophobic patches
for client protein binding. Upon ATP binding, the N-terminal domains associate to form an
extended dimer; following hydrolysis, the protein undergoes a compaction that rearranges
this dimer, likely mediating the release of bound client proteins. Upon nucleotide release,
the N-terminal domains dissociate to restart the cyclel=3.

Because of its importance to cell signaling and proliferation, Hsp90 is under investigation as
a target for therapies against both cancer and infectious organisms*°. Hsp90 is the target of
several natural products, including geldanamycin and radiciol®:’. A derivative of
geldanamycin, 17-(allylamino)-17-demethoxygeldanamycin (17-AAG) is currently in
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clinical trials as a treatment for various cancers, with promising initial results8. High-
resolution structures of the eukaryotic Hsp90 N-terminal domain bound to both
geldanamycin and radiciol have been solved, showing that both of these drugs bind the
ATP-binding pocket in the protein’s N-terminal domain and compete with the nucleotide
substrate for binding®:2.

Hsp90 is highly conserved across eukaryotes, and its proper function has been shown to be
important for the growth of infectious agents such as Plasmodium falciparum, the causative
agent of malarial®11, P, falciparum has a complex life cycle with two host organisms (the
Anopheles mosquito and humans), and must properly respond to developmental cues, as
well as sudden changes in its environment, to survive®. Treatment with geldanamycin
effectively inhibits the growth of P. falciparum in culture, presumably through its
interaction with Hsp901%:11, In addition, a recent study has shown that PfHsp90 may be
more sensitive to geldanamycin treatment than its human homolog'2. Although P.
falciparum Hsp90 (PfHsp90) is highly conserved with its human homolog and represents a
promising drug target, the high-resolution structure of this protein has not been determined,
hampering efforts to further understand or optimize protein-drug interactions. Here, we
present the structure of the PfHsp90 N-terminal ATP-binding domain, in both apo and ADP-
bound states. These results allow detailed comparisons between human and P. falciparum
Hsp90, and provide a physical scaffold for future studies of drug interactions with this
protein.

Materials and Methods

Cloning and Expression

A construct consisting of amino acids 1-215 of P. falciparum Hsp90 (PF07_0029) was
cloned from a cDNA library into a derivative of pET28b with an N-terminal, TEV protease-
cleavable 6xHis tag. Site-directed mutagenesis was subsequently performed to remove
residues 212-215 and add the sequence “GGGVEHEWEELN?” (a three-glycine linker
followed by amino acids 302-310 of the native protein) to the C-terminus (Hsp90N). This
modification improved protein expression and solubility, and has previously been successful
in expressing the N-terminal domain of Grp94, an Hsp90 paralog’3. Hsp90N was expressed
at 20°C for 18 hours in Rosetta(DE3) pLysS cells (Novagen) using auto-inducing medial4.
Cells were harvested by centrifugation and resuspended in Buffer A (20 mM HEPES pH
7.5, 10% glycerol, 2 mM B-mercaptoethanol) plus 20 mM imidazole and 300 mM NaCl
prior to flash freezing in liquid nitrogen. For lysis, cells were thawed and sonicated, after
which the cell debris was removed by centrifugation and the clarified lysate purified over a
Ni2* affinity column (GE Biosciences). His-tagged TEV proteasel® was added at a ratio of
1:50 TEV protease: Hsp90N (wt:wt), and the mixture incubated overnight at 4°C. The
cleavage reaction was then repassaged over a Ni2* affinity column to remove the TEV
protease, uncleaved Hsp90N, and cleaved 6xHis tags, and the flow-through was further
purified by gel filtration (Superdex 200, GE Biosciences). Fractions were concentrated to
~20 mg/mL by ultrafiltration (Amicon Ultra, Millipore) and stored at 4°C.

Crystallization and Structure Solution

For crystallization trials, purified Hsp90N at ~20 mg/mL was dialyzed overnight against 20
mM HEPES pH 7.5, 100 mM NaCl, 1 mM DTT, 5 mM MgCls, with or without 1 mM ADP,
or other ATP analogs (AMP-PNP, ADP-BeFs, ADP-AIF,) or drugs (radicicol, 17-AAG).
Only samples dialyzed with ADP produced crystals; for these conditions, dialyzed Hsp90N
was mixed 1:1 with 1.8-2.0 M Li,SOy4, 0.1 M HEPES pH 7.5, and 1-2% xylitol at 20°C and
allowed to equilibrate by hanging-drop vapor diffusion. Following crystallization, the drop
was flooded with cryoprotectant containing well solution plus 15% glycerol, and crystals
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(small hexagonal rods ~ 0.1 x 0.1 x 0.2 mm) were looped and flash-frozen in liquid
nitrogen. Data were collected on NE-CAT beamline 24ID-E at the Advanced Photon Source
at Argonne National Laboratory. Diffraction data were indexed and reduced with
HKL200016. Molecular replacement was performed with PHASER’, using the previously-
reported ADP-bound structure of the S. cerevisiae Hsp90 N-domain (PDB ID 1AMW)18 as
a search model, with the nucleotide and external loops removed. Manual rebuilding of the
*ATP lid’ region of both monomers in the asymmetric unit was required. Electron density
was clearly observed for residues 304-310 in both monomers, and for ADP bound to
monomer A (Figure 1A). Positional, B-factor, and TLS refinement were performed with
phenix.refinel®, and ordered water molecules were placed automatically into difference
maps using COOT20, The final model was refined to an R-factor of 16.3% and a free-R
factor of 19.0%, with excellent geometry (Table 1). Figures were produced with PyMOL?21,

Results and Discussion

Since geldanamycin and other anti-Hsp90 compounds are known to bind the protein’s N-
terminal ATP-binding domain, we initially cloned only this domain of PfHsp90 (residues 1-
215, PlasmoDB ID PF07_0029). To overcome poor expression and solubility for this
fragment, we subsequently engineered a variant construct that comprised residues 1-211, a
tri-glycine linker, and residues 302-310 of PfHsp90. This strategy removed an extended,
disordered segment from the principal GHKL domain (residues 212-301), but also added
back a single p-strand predicted to pair with the N-terminal region. This construct (hereafter
referred to as Hsp90N) expressed at high levels, and was well behaved in solution after
purification.

Crystal screens of Hsp90N resulted in one crystallization condition that required the
presence of adenosine 5’-diphosphate (ADP). Crystals were not reproducible without
nucleotide, with other nucleotides/analogs, or with Hsp90-targeting drugs (radicicol or 17-
AAG). Diffraction data collected from these crystals to 2.3 A resolution permitted solution
of the structure by molecular replacement, followed by refinement of the final model to R/
Rfree Values of 16.3%/19.0%, with excellent geometry (Table 1). There are two molecules of
Hsp90N per asymmetric unit: one in an apo state, and the other with clear density for an
ADP molecule bound in the active site (Figure 1A). This asymmetric configuration is
reinforced by crystal packing, which precludes ADP binding in one protomer by stabilizing
the packing of a flexible loop (the ‘ATP lid”) into the ATP-binding pocket. The two
molecules in the asymmetric unit do not appear to form a physiological association with
each other.

The overall structure of Hsp90N consists of a nine-stranded, antiparallel p-sheet backed on
one side with seven a-helices (Figure 1B). Residues 304-310 are clearly visible in both
monomers and form the ninth B-strand. As predicted on the basis of amino acid sequence,
the domain belongs to the GHKL ATPase fold family22. The nucleotide-binding site nestles
against one face of the B-sheet, between several a-helices, and is mostly solvent-exposed in
the current structure. In other GHKL ATPases, including homologous nucleotide-bound
Hsp90 N-domain structures, a Mg2* ion has been observed to coordinate f- and y-phosphate
oxygens (if present), along with the side-chain oxygen of Asn37; Mg?* is universally
required for ATP hydrolysis in 2+ these proteins. Despite the presence of 5 mM MgCl, in
the crystallization conditions, no Mg ion was observed in our structure, possibly due to the
high concentration of sulfate ions in the crystallization solution. In the absence of Mg2*, the
8-nitrogen of Asn37 directly hydrogen-bonds to an a-phosphate oxygen of ADP and the -
oxygen hydrogen-bonds to a B-phosphate oxygen. This direct bonding results in a ~0.5 A
shift of both the side-chain of Asn37 and the a- and pphosphates of ADP toward one another
in our structure, when compared to the human Hsp90 complex with Mg2*-ADP23, Other
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than the lack of a metal cofactor, the nucleotide-binding mode in Hsp90N is largely identical
to that previously observed in other Hsp90 proteins (Figure 2A).

GHKL-family ATP-binding domains are characterized by a glycine-rich loop, known as the
ATP lid, which wraps around the y-phosphate of a bound nucleotide, positioning this moiety
for hydrolysis. The ATP lid also is intimately involved in the packing arrangement of the
ATP-binding domain dimer that forms in response to nucleotide binding. In previous
structures of isolated ATP-binding domains of various Hsp90 proteins, the ATP lid’s
position is variable, and has not been observed in a hydrolytically competent conformation
(This conformation, with the ATP lid wrapped tightly around the y-phosphate of ATP, has
only been observed in a structure of full-length S. cerevisiae Hsp90 bound to a non-
hydrolyzable ATP analog)?:6:7. In monomer A of our structure, the ATP lid is rotated away
from the active site to accommodate ADP binding. In monomer B, this segment’s position is
constrained by crystal packing contacts, such that amino acids 118-121 overlap the ADP
binding site and preclude nucleotide binding (Figure 2B). This “collapsed’ conformation of
the ATP lid is similar to one previously observed in the human Hsp90 N-terminal domain,
also in the apo state®.

When considering the entire N-terminal domain except for the ATP lid, the structure of
PfHsp90 is very similar to the equivalent domain of other eukaryotic Hsp90 proteins (Figure
2A\), displaying overall Co. r.m.s.d. values of 0.63 and 0.79 A with S. cerevisiae and human
Hsp90, respectively18:23, The similarities are even greater within the nucleotide-binding site,
with the Hsp90N active site almost perfectly matching that of the human Hsp90 in both
amino acid identity and side-chain rotamers (0.23 A Ca r.m.s.d., Figure 3A). Because of this
close similarity, we were able to confidently model the likely conformation of a complex
between Hsp90N and geldanamycin, using the previously-solved complex between the drug
and human Hsp90 (Figure 3B)°. This docking analysis, derived from structural superposition
of protein backbone atoms, reveals an extremely good fit for the inhibitor in the PfHsp90
active site, with only one stereochemical clash (to the side chain of Asn92) that could be
easily resolved by a small rotamer shift (Figure 3C). Asn92 of S. cerevisiae Hsp90 is known
to undergo such a rotamer shift upon geldanamycin binding®.

A detailed comparison of the PfHsp90 and human Hsp90 N-terminal domain structures
reveals several slight differences between their nucleotide and drug-binding sites, some of
which may be exploitable in the design of drugs specific for PfHsp90 (Sequence alignment
in Supplemental Figure S1). For example, PfHsp90 Met84 adopts a different side-chain
rotamer than human Met98, altering the shape of the “ceiling’ of the binding pocket. VVal186
of human Hsp90 is replaced by an isoleucine (11e173) in PfHsp90, resulting in a slight
constriction in the back of the pocket (Figure 2B). The most significant difference is the
substitution of Ser52 (human Hsp90) with an alanine (Ala38) in the Plasmodium ortholog:
this change enlarges the posterior end of the pocket in PfHsp90, and makes this region
slightly more hydrophobic. Sequence alignments do not reveal a clear preference for serine
or alanine at this position in higher eukaryotes. For instance, the a-isoform of human Hsp90
possesses a serine, whereas the B-isoform possesses an alanine, implying that this particular
distinction may not be useful for drug design efforts. Nonetheless, the combination of
modest differences between the human and P.falciparum Hsp90 ATP-binding domains
suggests that it may be feasible to engineer small molecule agents with greater selectivity for
PfHsp90.

Recently, a structure of the N-terminal domain of a second P. falciparum Hsp90 homolog
(PF14_0417) has been solved in complex with an ADP analog by the Structural Genomics
Consortium at the University of Toronto (PDB ID 3IED; no reference available). This
structure overlays closely with our Hsp90N model, with an overall Co r.m.s.d. of 0.62 A,
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and binds nucleotide in an identical manner. Of the four Hsp90-family proteins encoded by
the P. falciparum genome, the protein imaged in the present study (PFO7_0029) has been
assumed to be the major cytosolic Hsp90, based on its high similarity to other Hsp90’s (65%
identical to human Hsp90 versus 35% for PF14_0417), as well as sequence hallmarks such
as the C-terminal EEVD motif*11, Of the other three proteins, the PFL1070c gene has been
identified as Grp94, the endoplasmic reticulum Hsp90, while the remaining two, PF14_0417
and PF11_0188, have recently been tentatively assigned as homologs of Trapl, a
mitochondrial Hsp9024. The relative importance of these four Hsp90 paralogs to this
organism’s life cycle has not been fully explored; thus, future drug discovery efforts aimed
at Hsp90 in P. falciparum will likely need to account for the activities of all four of these
paralogs.

Conclusion

We have solved the structure of the N-terminal nucleotide- and drug-binding domain of
Hsp90 from Plasmodium falciparum in apo and ADP-bound states. These structures provide
a physical view of PfHsp90, a potential drug target in the fight against malaria. The structure
shows that PfHsp90 is highly similar to the homologous human protein, but that it may be
possible to find or design small molecules to specifically target the PfHsp90 nucleotide-
binding site by exploiting several subtle differences. In addition, drugs such as
geldanamycin and radicicol already represent potential anti-malarial drugs, as they
effectively abrogate the growth of P. falciparum at levels far below those that result in
toxicity in humans1%:11, Further study, including examination of the affinities of existing
drugs for this protein, will be needed to accurately assess the usefulness of PfHsp90 as a
drug target for anti-malarial treatment. In this regard, the Hsp90N construct developed here
may prove useful for future in vitro studies as a highly-expressed and soluble variant of P.
falciparum Hsp90.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Overall structure and nucleotide binding by Hsp90N

(A) Close-up of the Hsp90N nucleotide-binding site bound to ADP. Amino acid residues
surrounding the active site are shown in stick view, and water molecules involved in
hydrogen bonding are shown as spheres. Fy-F simulated-annealing omit electron density is
shown for ADP and surrounding water molecules, contoured at 6.0 . (B) Stereo view of
monomer A of Hsp90N, bound to ADP. The protein is colored in a rainbow scheme, with the
N-terminus blue and the C-terminus red. Bound ADP is shown in stick view.
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Figure 2. Hsp90N comparisons

(A) Superposition of the A (ADP-bound) monomer of Hsp90N (blue; bound ADP in yellow)
with the structure of the human Hsp90 N-terminal domain bound to geldanamycin (PDB ID
1YET) (gray; bound geldanamycin not shown). The overall r.m.s.d. of the two domains is
0.79 A. (B) Superposition of the A (ADP-bound) and B (apo) monomers of Hsp90N.
Monomer A is colored blue, and monomer B is colored yellow with the ATP-lid red. The
conformation of the ATP-lid in monomer B precludes nucleotide binding, as residues 118—
121 would directly overlap with the a- and p-phosphates of ADP.
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Figure 3. Prospective drug binding site of PfHsp90

(A) Close-up of the Hsp90N nucleotide- binding site (blue) overlaid with the human Hsp90
N-terminal domain (gray), with residues surrounding the binding pocket show as sticks. The
Co r.m.s.d. for residues displayed is 0.23 A. (B) Model for geldanamycin binding by
PfHsp90, based on structural superposition of Hsp90N with the human Hsp90-geldanamycin
complex (above). Geldanamycin and water molecules shown are present in the human
Hsp90-geldanamycin complex structure. All chemical groups involved in hydrogen-bonding
and Van der Waals interactions with geldanamycin are conserved between human and
PfHsp90. (C) 90° rotated view from panel B, showing how Hsp90N residue Asn92 (blue
model) clashes with C27 of modeled geldanamycin (yellow sticks, van der Waals surface for
this atom is shown as yellow dots). The equivalent residue in human Hsp90, Asn106, is
rotated slightly away to accommaodate the ligand (gray model, van der Waals surface for the
side chain is shown as dots).
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Data collection, refinement and stereochemistry

Data collection

Resolution (A)

Wavelength (A)

Space Group

Unit Cell Dimensions (a, b, ¢) A
I/o(last shell)

IRgym (last shell) %

50-2.3
0.97918
P3,21
118.16, 118.16, 105.90
17.9 (2.1)
0.107 (0.824)

Completeness (last shell) % 99.9 (100.0)
Redundancy (last shell) 5.5(5.3)
Refinement
Resolution (A) 50-2.3
No. of reflections 35497
working 33646
free (% total) 1851 (5.2%)
2R work (last shell) (%) 16.3(19.8)
2Rpree (last shell) (%) 19.0(21.2)
Structure and Stereochemistry
No. of atoms 3771
protein 3452
solvent 262
nucleotide 27
SO, 30
Ramachandran — most favored 98.4%
Ramachandran — allowed 100%
r.m.s.d. bond lengths (A) 0.004
r.m.s.d. bond angles (°) 0.901

Table 1

Page 10

1R5ym =Xl - (I)I/ZIJ', where lj is the intensity measurement for reflection j and {1)is the mean intensity for multiply recorded reflections.

2 . . . .
Rwork. free = Z||Fops| — |Fcalc||/|Fobs|, where the working and free R-factors are calculated using the working and free reflection sets,

respectively. The free reflections were held aside throughout refinement.
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